Manipulation of mode coupling in optical fibres by Harrington, Kerrianne
        
University of Bath
PHD








Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 13. Aug. 2019
Manipulation of mode coupling in optical
fibres





Attention is drawn to the fact that copyright of this thesis rests with the
author. A copy of this thesis has been supplied on condition that anyone who
consults it is understood to recognise that its copyright rests with the author
and that they must not copy it or use material from it except as permitted
by law or with the consent of the author. This thesis may be made available
for consultation within the University Library and may be photocopied or
lent to other libraries for the purposes of consultation.
Signature of Author: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(Kerrianne Harrington)
Abstract
In recent years, as the technology that underpins optical fibre fabrication and development
has matured, the scope for potential uses of these fibres has rapidly expanded. Initially
developed for the telecommunications industry, optical fibres have found their uses across
a diverse range of subjects including medical diagnostics, guided wave nonlinear optical
processes such as supercontinuum generation, light collection in astrophotonics, and of course
the ubiquitous telecommunications industry. The results of all of these applications are, in
part, governed by how light is confined and is able to propagate along the optical axis in
these structures, in what is termed a mode. Depending on the transverse structure of the
fibre, different modes with different properties may be confined. Changes in the transverse
structure along the propagation length can allow light to couple from one optical mode to
another. These changes, for example induced by post-processing the fibre on a custom-built
fibre tapering rig, must satisfy certain adiabatic criteria in order to be low loss, but also can
take on a variety of different spatial profiles to fit the given task. If instead of a single core, a
fibre contains multiple cores, all of which are able to confine electromagnetic radiation, light
input into a mode of one core may couple across to the other local modes of the surrounding
cores. In some applications, such as multi-core imaging fibres, it is important to suppress
this effect in order to achieve better imaging. In other cases, such as the fibres for sensing
or telecommunication, the coupling can give useful information about the state launched at
the input facet of the fibre.
This thesis presents the design, and fabrication of different optical fibres where the
realisation of mode manipulation through changes in the fibre scale along the propagation
axis can achieve specific useful functionalities. The work contained in this thesis focuses
on three particular applications: medical imaging, telecommunications and astrophotonics.
First, a novel multi-core imaging fibre was developed for medical imaging in the distal
lungs. These imaging fibres provide low core to core coupling for high imaging quality
across visible wavelengths. Fibres are also fabricated for the telecommunications industry
to allow longitudinal structural changes over arbitrary length scales without the detrimental
effects of loss. Finally, fibres for astronomy are presented. The first post-processed fibre
presented for this application can sense the incoming wavefront of a beam of light, and the
second device is a re-formatter that can convert the circularly symmetric mode of an optical
fibre to a pseudo-slit shape that is compatible with on-sky spectrographs. The wavefront
sensor presented in this thesis is a proof of concept and is only capable of sensing 1D tilts.
The linear pseudo-slit output structure achieves a diffraction limited pattern in one direction,
potentially able to reduce spurious intensity variations in spectroscopic systems.
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The quest to confine and control light has been a long held ambition for scientists and
engineers for several centuries. Among the first experiments to demonstrate the confinement
and control over the direction of a visible light beam, in a material other than air, was the
description of the “light fountain” or “light pipe” by Daniel Colladon and Jacques Babinet in
the early 1840s [1]. By employing the contrast in refractive indices between water and air a
beam of light from a lamp was confined within a water spout using the well known principles
of total-internal reflection. This concept was then seized upon in the the latter part of the
19th and 20th centuries, swapping the water for large bent glass rods, allowing doctors to
illuminate inside the body of patients [1]. Following this, but staying within the medical
community, in the 1930s Heinrich Lamm demonstrated that an image could be transmitted
through a bundle of very thin flexible strands of glass [2]. These thin strands of glass were
the first generation of optical fibres, and the basic idea of imaging in vivo using bundles of
optical fibres still exists to this day and is one of the concepts that is explored in detail in
this thesis. These imaging fibres as they have become known were the first demonstration of
fibre optic technology. What is now the ubiquitous optical fibre, which has been exploited
to a great extent by the telecommunications industry, was initially developed by Curtiss
et al. in 1956 again for medical imaging [1]. The revolution here was the introduction
of a transparent cladding material produced from a glass of lower refractive index, which
significantly improved transmission and light confinement in the fibres. These fibres would
have more in common with the modern day multi-mode fibres featuring large core diameters
that are highly suited to collecting large amounts of light.
Confined light propagates inside optical fibres as modes. A mode of an optical fibre is
an intensity pattern that propagates with only change in phase. Some examples of intensity
patterns in step index fibres and their names are shown in Fig. 1.1. The concept of a mode
confined in a waveguide was proposed by J.J. Thompson in 1893 and demonstrated by Oliver
Lodge in 1894 [1]. This concept existed around a similar time as the first investigations of
10
Figure 1.1: Examples of some guided modes in an optical fibre. The images show the spatial
intensity patterns of ten modes in a 10-mode fibre. [3]
Figure 1.2: Three optical fibres with diameter of the 200 µm carry red light. The terminated ends
of all three illuminate the finger of a person holding them. Images courtesy of J. Stone.
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Figure 1.3: Refractive index profiles of fibres. A core of diameter 2ρ has a raised refractive index
compared to the surrounding cladding. Two common types of profiles are shown: (a) step-index
profile and (b) graded-index profile.
confining light in glass and the study of dielectric waveguides made of glass rods. The
study of dielectric waveguides was started in the 1920s by several people, most famously
by Lord Rayleigh, Sommerfeld, and Debye [1]. The first glass fibre that could support a
single confined optical mode was demonstrated by Elias Snitzer in 1961. He identified that
if the core, which is the central region of glass surrounded by cladding, was sufficiently small
then the structure would only support a single mode, called the fundamental mode. This
type of optical fibre, termed single mode fibre (SMF), has since found widespread use in the
telecommunications industry. At first, it was not feasible to use fibres in communication
systems due to the high level of transmission loss, largely due to impurities in the glass.
An optical fibre with low attenuation (17 dB per kilometre) was achieved by scientists at
Corning Glass Works in Corning, NY, through the introduction of titanium as dopant in the
silica glass [1]. The attenuation losses were then reduced further by replacing the titanium
dopants with germanium that is still in use today.
An optical fibre as they exist today can be simply described as a thin, flexible, optically
transparent waveguide that can transmit light over long distances. The majority of optical
fibres commonly found today have a typical diameter on the order of the same thickness of
a human hair (roughly 100 µm), as in Fig. 1.2. They are most commonly made of high
purity silica glass, that is doped to either raise the refractive index in the core region (using
germanium oxide) or lower the the refractive index in the cladding region (using fluorine).
The refractive index difference, core diameter, and wavelength of light are important
factors in determining how well a mode is confined in the fibre. The distribution of the
dopant in the core plays a large role in the confinement of light in the fibre. The most basic
optical fibre, that has been discussed up to this point, is called a step-index (SI) fibre. Fig.
1.3 shows the raised refractive index can be either a simple step shown in (a), or a varying
refractive index distribution such as the graded-index (GI) profile shown in (b).
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Figure 1.4: (a) Schematic of the bedside fibre optic probe that Proteus aims to create. An imaging
fibre bundle is accompanied by other fibres. They can be used to navigate the airways of the lung
of a patient. (b) A micrograph of an early Proteus probe to be used in clinical trials. An imaging
fibre bundle, seen as the bright square shape, is accompanied by two capillaries above it. The three
fibres share space in a common sheath (the outer layer) and are fixed in place at the end by epoxy,
which fills the empty space. This completed device was fabricated by J. Stone.
The refractive index distribution in a fibre core can also have more complicated profiles.
For example, an optical fibre featuring an usual refractive index distribution in order to
match well to Airy-pattern inputs was developed by Gris-Sanchez et al. with the purpose of
capturing the light collected by telescopes. Diffraction from the circular telescope aperture
introduces an Airy-pattern to the beam, so the refractive index profile of the fibre is designed
to maximise throughput [4]. By specifically tailoring the refractive index distribution so that
the guided mode of the fibre has a high-level of spatial overlap with the incoming light beam,
the overall coupling efficiency of light launched into the fibre was enhanced.
A crucial tool in aiding the ability to manipulate the modal properties of fibres is by post-
processing these with a technique called fibre tapering. This involves locally applying heat
and then stretching the fibre to create a change in the outer diameter over a given length,
typically over a few centimetres. The transition changes the propagation of light through
the device, as the scale of the fibre changes and therefore the refractive index distribution
varies along the direction of propagation.
Within this thesis, several different types of optical fibre are considered: step-index fibres
(SMF), multi-core fibres (MCF), multi-mode fibres (MMF), and post-processed fibres. These
fibres will be discussed across a broad range of applications: medical imaging, telecommu-
nications, and astrophotonics. Although all of these disciplines have different requirements
in terms of how they function, they are all underpinned by the fundamental requirement to
understand how the modes of the waveguide can be manipulated in order to obtain specific
functionality. It is this concept of mode manipulation that forms the basis of this thesis.
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1.2 Proteus
The work discussed in Chapters 4, 5, 6 was undertaken within a large multi-disciplinary
project called ‘Proteus’. Proteus aims to produce a multi-functional endoscopic tool for
diagnosing disease in the human lungs. It is one of three large Interdisciplinary Research
Collaborations (IRC) funded by the Engineering and Physical Sciences Research Council
(EPSRC) for healthcare technologies [5].
Current technologies for diagnosing lung infections in Intensive Care Units (ICU) are
slow and not specific enough for diagnosis, especially given the critical need. Lung care in
ICUs could be transformed by better tools to investigate the deeper airways in the lungs of
patients. Of the patients that need assistance breathing, 9-27% can suffer from ventilator-
associated pneumonia (VAP) [6]. Infection increases mortality risk, length of stay for the
patient and costs in ICU [6]. Lung problems in general carry high mortality rates, because of
the lack of accessibility for diagnosis and ability to then monitor conditions as they progress,
however VAP is especially dreaded in ICU. Infected patients in ICU face an estimated
mortality rate as high as 50%, although this estimate has proven difficult to determine with
a wide range of estimates reported [7]. Currently, methods of diagnosing bacterial infections
are slow compared to the critical need. Broad spectrum antibiotics are often offered, but
for a critically ill patient the accumulated side effects of these antibiotics can also prove
fatal [6]. A fast, minimally invasive bedside tool that is able to explore the lungs and detect
disease could significantly impact lung related mortality.
The Proteus research project aims to deliver revolutionary lung care in ICU by using a
fibre optic probe that has several functions. A multifunctional fibre optic probe that can
sense the physiological environment (e.g. pH, oxygen levels) alongside defined biological
processes (e.g. enzyme activity, bacteria tagging) in situ in real-time could provide signifi-
cant clinical benefit. Furthermore, it could also inform future scientific endeavours such as
modelling of lung disease progression or pathogen reaction to antibiotics. This outcome is
therefore expected to be of benefit to not only clinicians, but also biologists, pharmaceutical
companies and physical scientists. A schematic of the Proteus probe and how it will be
used is shown in Fig. 1.4(a). The aim of the device is to image, sense, and deliver and
retrieve fluid. The probe consists of 3 separate optical fibres enclosed in a common sheath.
Currently, it features two hollow glass capillaries for fluid delivery and recovery, and an
imaging fibre to view the internal structure of the lungs and identify fluorescence labelled
bacteria. In the future, a fibre to sense the physiological environment will be added. Fig.
1.4(b) shows a micrograph of the output endface of the current Proteus probe as it exists
on the completion of this thesis. It consists of an imaging fibre and two capillaries for fluid
delivery and collection. This will be used for clinical trials and studies [8].
Proteus is an interdiscinplinary collaboration between several institutions, as shown in
Fig. 1.5. The University of Edinburgh and Heriot Watt University have a world-class
track record in clinical care, sensing, imaging and signal analysis from previously formed
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Figure 1.5: A schematic of the Proteus interdisciplinary project and how various bodies and their
research connect. A central ‘hub’ oversees acts as an intermediary between the different bodies. The
shaded circle outlines the Universities that are part of the interdisciplinary research collaboration,
but outside firms and bodies in industry and government will also be invovled.
multidisciplinary collaborative projects. The University of Bath provide the optical fibre
background essential to the aims of the project and the ability to fabricated novel optical
fibres.
One of my main contributions to this project are to fabricate and investigate the novel
optical fibres needed for the unique challenges of the distal lung. In Chapter 4 I explore
conventional imaging fibres used in similar existing technologies for bronchoscopic endoscopy,
in order to better understand currently available state-of-the-art technology. I design and
fabricate fibres made to address the specific needs of the Proteus project in Chapter 5, with
comparisons made to the fibres discussed in Chapter 4. Lastly, work that addresses the
wishlist of capabilities for a near infra-red (NIR) bronchoscopy fibre for the Proteus project
is discussed in Chapter 6.
1.3 Astrophotonics
The field of astrophotonics lies at the interface of astronomy and photonics. It is a successful
field, and still has extensive potential for novel optical fibre devices [9].
To collect light from distant and faint astronomical bodies, efficient and precise optics are
necessary. Recent advances in astronomy have placed ever increasing demands on the ability
of current technology to collect and process light [9]. For example, there is a research need
in astronomy to build bigger telescopes and increase the scale of the current instrumentation
in order to better survey the skies. However, scaling up existing technology is costly and
inefficient [9]. In such applications with very low light levels requiring lots of information
processing, low loss optical fibres are beneficial.
Many problems astrophotonics addresses arise from the phenomenon of astronomical see-
ing. This causes blurring and twinking of astronomical objects, like stars, due to turbulent
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changes in the Earth’s atmosphere. For example, a particular problem for ground based
telescopes arises when trying to carry out spectroscopic experiments on the light collected.
Fibres are often used in astronomical technology due to their usefulness in allowing for re-
mote transfer between light collection and potentially bulky detection equipment. However,
turbulent wavefronts needs to be collected with a multi-mode fibre to efficiently collect light
that has been affected by seeing. However, multi-mode fibres can then cause problems when
used with various detectors, as they can introduce modal noise, which is changes in the
output intensity pattern over time.
This can cause problems for spectrographs used in ground telescopes, where light is
typically fed into the spectrograph using a multi-mode fibre. From the output of the multi-
mode fibre, light passes through a slit that is placed before the diffracting element of the
spectrograph. The presence of modal noise from the changing spatial intensity pattern in
time can be detrimental in producing high-quality results, as the changing output of the
multi-mode fibre introduces spectral noise at the diffractive element [10]. This means that
intensity readings are mistakenly assigned to incorrect wavelengths values. However, a fibre
based mode reformatter that takes N single mode inputs from the output of the photonic
lantern and reformats the individual cores into a slit shaped device can be used, to reduce
the variation in the intensity in dispersive direction of the spectrograph. This introduces
higher variation in the other direction, but this does not affect the reduction in spectral
broadening at the detector as this orthogonal direction is not as important in the set-up.
The fabrication and results of this pseudoslit reformatter are discussed in Chapter 9.
Additionally, wavefronts pertubred by astronomical seeing are often flattened using adap-
tive optics (AO) [9]. A feedback loop is used to correct the tilts in local wavefronts. In
Chapter 8, I present a novel fibre based device that can be used as wave-front sensor for
AO systems. This device would provide an all-fibre wave-front sensor to sense the local
wave-front tilts. This would be useful in order to reconstruct wavefronts from distant point
sources of interest. Such technology already exists and is widely used in the form of Shack
Hartmann Wavefront sensors [11], but there is interest in developing an optical fibre sen-
sor version. It could have the potential to help to scale up current technology for larger
collection [9].
These examples are some of the areas in which the use of mode manipulation in an all-
fibre device can provide functionality and high throughput, important needs in astronomy.
In Chapter 9, I present an all-fibre pseudoslit reformatter by tapering bundles of single-mode
fibres in order achieve a diffraction limited pattern in one direction. This could reduce modal
noise in spectrography that uses multi-mode fibre.
1.4 Telecommunications
In the 1970s, optical fibres for telecommunications revolutionised the industry. The low
attenuation and high immunity to electromagnetic interference of optical fibres compared to
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Figure 1.6: Data points represent the highest capacity transmission numbers (all transmission
distances considered) reported at the postdeadline sessions of the annual Optical Fiber Communi-
cations Conference over the period 1982 to the present. Lines have been fitted to the data tends
(colours blue, red, green and blue) to show the increase in capacity for each new technology (la-
belled). The black line fits a linear trend, in accoradnce with ‘Moore’s law’. The data points
for SDM also include results from the postdeadline session of the annual European Conference on
Optical Communications in 2011 and 2012. [12]
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copper wires played a major role in transforming core networks worldwide [1]. For decades
they have been a standard in the industry for long distance communications, and for many
in the general public optical fibres and telecommunications are synonymous with high-speed
internet. Ultimately, they provide cheaper bandwidth for long distance communications
compared to copper wires.
However, despite the successful implementation of optical fibres in current telecommu-
nications technology, demands on information capacity are ever increasing. ‘Moore’s law’
observes that the increase in complexity of electronic technology is exponential, requiring
a rapid increase in data bandwidth [13]. To meet increasing data consumption demands,
researchers have explored innovative ways of increasing the data-carrying capacity of a single
optical fibre. Fig. 1.6 shows the capacity transmission reported by researchers at annual
scientific conferences from 1982 to 2015 [12]. This shows the increase of data capacity over
time, that can be correlated with advancements in optical fibre technology. These advances
are listed in order of development in time. Improved transmission allowed for longer data
links. Erbium Doped Fibre Amplifiers (EDFA) are optical amplifiers that can amplify the
signal to enable signal transmittance over longer distances. Wavelength division multiplexing
(WDM) allows for multiple wavelength channels to be transmitted in one fibre simultane-
ously. ‘High spectral efficiency coding’ in Fig. 1.6 refers to the measure of how efficiently a
limited frequency spectrum can be utilized. Increasing this efficiency over a given bandwidth
also helps to further increase data capacity. Finally, Spatial Division Multiplexing allows
for multiple spatial modes of a single multi-mode fibre or multiple cores of a multi-core fibre
to increase data capacity in a fibre. The spatial distribution of light carried by a fibre as
a mode is then very important in spatial division multiplexing, and novel improvements in
these techniques could further increase data capacity.
Commercial systems now use different properties of light, such as wavelength, polarisa-
tion and phase, to send more information through a single fibre than ever before. However,
society is continuously increasingly information driven, so there is an ever demanding push
for more capacity. The spatial dimension has remained relatively untapped in single fi-
bres, despite it being possible to manufacture fibres supporting hundreds of spatial modes
or containing multiple cores, which could be exploited as parallel channels for independent
signals.
In Chapter 7 a novel fibre is discussed that has applications in eliminating some lim-
itations in current spatial division multiplexing fibre technology. Many spatial division
multiplexing systems use photonic lanters in order to convert multi-core fibres to multi-
mode fibres, allowing for spatial multi-plexing [14] However, with more modes introduced,
the longer the photonic lantern needs to be in order to not have high loss or keep mode
selectivity [15]. The fibre discussed in Chapter 7 could overcome this limitation.
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1.5 Thesis structure
This thesis presents several advances in the technology of MCFs and post-processed fibre
devices. The projects discussed here are disparate, but all have mode-manipulation for func-
tionality in common. Fabricating fibres and devices that manipulate the coupling of modes
plays a crucial role in enhancing the performance of these technologies for the applications
and motivations discussed above.
My scientific outputs such as publications and conference sessions are listed previously
under the Publications heading.
Background material that is important in understanding later results presented in this
thesis is introduced in Chapter 2. It is an overview of optical fibres and their guidance
properties.
The fabrication and design of optical fibres is an important aspect of the research pre-
sented in this thesis. The techniques to fabricate and post-process optical fibres are discussed
in Chapter 3. A series of common methods for testing the quality of these fibres are also
explained.
Investigations of a commercially available multi-core imaging fibre, relevant to the Pro-
teus project, are discussed in Chapter 4. This chapter establishes the background for fabri-
cating our own imaging fibres. The fibres presented are the ‘gold standard’ for technologies
that are currently used to explore the distal lung, so it is important to be familiar with their
structure and capabilities. I inspect the structure of the fibres, explore their imaging capa-
bilities and look at their dopants using a variety of microscopy methods. Characterisations
in this chapter established a better understanding of imaging fibres and how to compare
them. Due to the findings in this chapter, we were later able to assess our own novel imag-
ing fibres fabricated for Proteus. The fibres in Chapter 4 provide points of comparison to
those discussed in Chapter 5.
Chapters 5 and 6 build on the research discussed in Chapter 4. A series novel multi-core
imaging fibres are discussed. These fibres improve many of the aspects of performance of
the previous commercial imaging fibres shown, and excitingly allows for post-processing for
increased performance. I was part of a collaborative project to fabricate new imaging fibres.
My contributions were providing calculations for the new designs, characterising imaging
qualities, and comparing the core dissimilarity in our fibre structures. I also fabricated and
helped to fabricate many of the imaging fibres discussed.
Chapter 7 discusses an optical fibre with an unusual refractive index distribution in order
to provide post-processed fibres with short transitions and low loss. This new refractive index
distribution across the fibre allows for fibres that change scale without mode field diameter
change, a development that cannot be done with other existing fibres.
A tapered device for astronomy applications is discussed in Chapter 8. A multi-core fibre
with 3 uncoupled cores is tapered so that the core can couple light between them over the
transition. The incoming angle of any plane wave to the tapered input affects the intensity
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distribution of light between the three cores at the output. This fibre allows the tilt of the
plane wave to the fibre input face to be translated to intensity distribution in three cores. I
designed and fabricated the MCFs needed. I then post-processed these fibres into tapered
devices and tested how well they responded to wavefront tilt. I show the results from one
wavefront sensor device that can sense a tilt along one direction.
Chapter 9 discusses a tapered device that can convert the modes of a multi-mode core to
the modes of a slit shaped output. The device can achieve a diffraction limited pattern in one
direction, and is called an ‘all-fibre pseudo-slit reformatter’. It can be useful in spectroscopy
where an output from a multi-mode can cause intensity fluctuations across the diffraction
grating of the spectrometer. It could be of benefit in astronomy, where multi-mode fibres are
used to collect light. In this chapter, we present how the device operates and is fabricated,
along with results in the near and far field to compare the slit shaped output to a normal
multi-mode output. I collaborated with S. Yerolatsitis on a 6-mode reformatter, and then I
scaled up the method to create a 10-mode and 17-mode reformatter.
Finally in Chapter 10, the conclusions of this thesis are presented along with some
suggestions for future work.
Throughout this thesis, I collaborated with H. A. C. Wood, J. Stone, S. Yerolatsitis and






In this chapter, a simple introduction and intuitive understanding to optical fibres and
how they guide light is provided. This information is necessary to understand the results
presented in Chapters 4, 5, 6 and 8.
2.2 Refractive index contrast and total internal reflec-
tion
An optical fibre is a dielectric wave-guide that confines light along some length. It can be
described by some refractive index distribution, n(x, y). The refractive index is uniform
along the axis of propagation (here defined as the z axis), as shown in Fig. 2.1. A simple
example has a core, with a high refractive index of ncore, surrounded by a cladding, with a
low refractive index of nclad, also shown in Fig. 2.1. The refractive index in the core does
not necessarily need to be uniform across the cross-sectional area. In practice, the core can
have any profile, n(x, y), while the cladding is commonly uniform. Examples are shown in
Fig. 1.3.
The refractive-index difference between core and cladding, ∆n, is responsible for light
confinement within the fibre because of total internal reflection. Optical fibres are low-loss
so light can be carried across kilometres. ‘Off the shelf’ single-mode silica based fibre has
an attenuation of 0.2 dB/km at 1550 nm [16]. Conventional optical fibres can be defined




n2core − n2clad (2.1)
where ncore is the refractive index of the core and nclad is the refractive index of the cladding
[17]. Confinement of light in an optical fibre is directly analogous to a 1-D quantum well.
The value of NA can be thought of as the height of a well that confines the light. Light
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Figure 2.1: (a) A refractive index distribution of n(x, y), that is uniform in length, z. (b) Refractive
index distribution typical of optical fibres. A cylindrically symmetric region of high refractive index,
called the ‘core’, is surrounded by a region of lower refractive index, called the ‘cladding’.
Figure 2.2: Ray diagram of light inside an optical fibre. If the input angle is less than a critical
angle, θmax, then total internal reflection can confine the light inside the fibre. The vector com-
ponents of the ray, k0ncore are expressed in their orthogonal directions in y and z. The direction
parallel to the propagation axis, z, is labelled β and is invariant when the light is guided as a mode.
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propagates along a fibre as an optical mode, and the higher the well for a set core diameter,
the more modes are ‘trapped’.
Light is guided confined within the high refractive index region by total internal reflection.
Fig. 2.2 shows light travelling through the fibre. In this diagram is has been represented
with a ray diagram to show the guidance mechanisim of total internal reflection. For some
angles of the ray at the boundary, the light is confined because it is reflected. In Fig 2.2,
the ray vectors at the boundary is resolved into orthogonal components. The component
β, which does not change with propagation along the fibre, is known as the ‘propagation
constant’. For different modes of the fibre, which can be thought as in Fig. 2.2, as different
ray paths, there are different values of β.
Snell’s law states the ratio of the sines of the angles of incidence and refraction of a wave
are constant when it passes between two given media with different refractive indices [18],
i.e.
k0n1sin(φ1) = k0n2sin(φ2) (2.2)
k0n1sin(θ1) = k0n2sin(θ2) (2.3)
where n1, n2 are refractive indices of the two mediums, φ1, φ2, θ1, θ2 are angles in their





2 − β2; ky2 = ±iq, q =
√
β2 − k20n22. (2.4)
The range of βcore for light propagating in the core can be expressed as
k0n2 < βcore ≤ k0n1 (2.5)
where terms are as labelled in fig 2.2 (b). This expression shows that for a range of angles,
light can be confined within the core with an associated propagation constant, β. An
electromagnetic wave that propagates without change except for phase is called a mode,
which will have an associated β.
Recall that a plane wave has a phase variation that is ∼ e(±ikyy) and so in the cladding
for the case of TIR, this term becomes e(±ikyy) = e∓qy, which is the electromagnetic field
evanescently decaying in the cladding boundary.
Each mode has a specific spatial distribution Ψ(x, y) and also propagation constant
β. The mode with the highest β is the ‘fundamental’ mode. In step-index fibres, the
fundamental mode is never cut-off. Each mode propagates with a corresponding propagation
constant, β. A useful parameter called the ‘V-number’ of an optical fibre can describe how
well light is confined in a fibre, and an estimate of how many modes are guided. This is









where ρ is the radius of the core, λ is the wavelength of light and ncore and nclad are defined
as before. For a particular mode to propagate inside the fibre, the V-number of the core
must be greater than the corresponding cut-off frequency of the mode. For example, fibres
having a V-number lower than 2.405 allow only the fundamental mode. Such a fibre is called
a single mode fibre.
From equation 2.6 we can straightforwardly see that a fibre supports more modes when
the core radius is increased, ρ, or the refractive index contrast, equivalent to increasing the
NA, or decreasing the wavelength, λ.
2.3 Weak Guidance Approximation
Confined modes of an optical fibre are solutions of the source-free Maxwell equations [17].
They are formed by resonance conditions in the wave-guide cross-section, so are analogous
to vibration states on a stretched membrane, where the stretched membrane on a drum
is analogous to the refractive index of the fibre. Modes of optical fibres are important for
describing light propagation. Fibres are often referred to as ‘SMF’, single-mode fibres, or
‘MMF’, multi-mode fibres, as their modal content is the important effect on how light is
carried within the fibre.
The source-free Maxwell equations can be rearranged to form the vector wave equation,
written as
∇T ~E + (k2n2 − β2) ~E = −(∇T + iβẑ)( ~E −∇T ln(n2)) (2.7)
where ~E is the electric field, ~H is the magnetic field, x, y and z are Cartesian directions with
x, y typically describing the fibre cross-section and z the propagation length, t is time, β is
the propagation constant as previously discussed, ∇T is the transverse part of the Laplacian
operator and ẑ is the unit vector along z [17]. This equation can be used to solve for the
modes of the optical fibre, but the vector term ∇T ln(n2) can make it troublesome. However,
this term is proportional to variations in n, so if these variations are very small then it can
be neglected.
For most fibres, the refractive index difference, δn, is very small, such that δn << n. The
weak guidance approximation (WGA) ignores ∇T ln(n2), so that the calculation of the fibre
modes is simplified. Ignoring this term is equivalent to assuming there is no polarisation
variation across the profile, so modes solved are called linearly polarized (LP) modes, as
shown in Fig. 1.1. It is a misnomer because it refers to a weak refractive index variation
in the x, y plane, and not how well guided the mode is. Consequently, the electric field in
equation 2.7 when the WGA is used can be written as
~E(x, y) = ψ(x, y)e(βz−ωt)êt (2.8)
where êt is the transverse unit vector perpendicular to z, and this can be done similarly for
the ~H field. Equation 2.7 becomes the ‘scalar wave equation’:
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Figure 2.3: Cross-section of a composite waveguide. There are two cores in a common cladding
of radii ρ1 and ρ2 with refractive index profile n(x, y). The cores are a distance d apart, from their
centres. This is the directional coupler system.
∇2ψ + (k2n2 − β2)ψ = 0 (2.9)
Light travelling in modal solutions of this equation is guided and localized, but otherwise
behaves like plane wave.
The modes of weakly guiding circular fibres are sometimes designated as ‘LP’ modes.
The subscripts of the LP modes, such as LP01, as associated with a particular mode and
intensity distribution. By definition, LPl,m is the mode that is the mth radial solution for
a given azimuthal dependence l for a weakly guiding fibre. Some examples of the first few
LP modes are given in Fig. 1.1.
2.4 Directional Couplers
Two or more parallel cores can interact with each other to ‘leak’ light from one core to the
another. It is usually an unwanted or disruptive occurrence in multi-core fibres, such as
when used in telecommunications as separate channels, and in other cases it can be useful
such as in fibre beam splitters. Both terms refer to the same underlying behaviour. This is
referred to as ‘coupling’.
2.4.1 Symmetric and well separated
To understand the general behaviour of directional couplers, we can consider two cores in
a common cladding, such as in Fig. 2.3. If they are weakly guiding and are very far apart
from each other in space, then the description of the composite system is well approximated
by a superposition of the modal fields of each fibre as if they were in isolation from the other.
Symmetry dictates that there are two solutions Ψ+ and Ψ− of the scalar wave equation,
that can be given as
Ψ+ = Ψ1 +Ψ2; Ψ− = Ψ1 −Ψ2, (2.10)
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Figure 2.4: 1-D representation of two identical cores parallel to one another. The evanescent
field of the fundamental modes perturb the neighbouring core. The shaded area represents the
contribution of the overlap integral, C. [19]
where Ψ1 and Ψ2 are the solutions of each core in isolation from the other. Ψ+ and Ψ− are
supermodes of the system, due to them being a superposition of the fundamental solutions
of the cores. The propagation constants associated with Ψ1 and Ψ2 are the solutions of the
of the cores as if in isolation, β1 and β2, respectively. In this example, both Ψ1 and Ψ2 are
identical, and so in isolation would have the propagation constant β0. For this symmetric
and well separated case, the propagation constant of the composite system can similarly be
treated as a perturbation of the system, such that
β± = β0 ± C (2.11)
where C is an overlap integral between the cores [17]. When both cores are identical the








The field, Ψ2 is has an evanescentally decaying presence in core 1, so how much it can
perturb core 1 is strongly affected by the core separation d. It can be seen in fig 2.4 that
as the separation between the cores increases, C exponentially decreases to zero and, from
equation 2.11 the propagation constants of the system return to the propagation constants
of the isolated cores.
In order to understand the transfer of light in directional couplers we can look at the
power flow in the system [17]. The power flow P1(z) or P2(z) in each fibre can be found by
integrating the intensity over the infinite cross-sectional area. If we assume light is launched
into one core, such that P1(0) = 1 and P2(0) = 0, then it can be shown that the powers in
the cores vary with z as
P2 = sin
2(Cz);P1 = 1− P2 (2.13)
where parameters are as defined previously. The power in each core varies sinusoidally, an
example of which is shown in Fig. 2.5. This shows that in a confined system, over a propa-
gation length, the light launched into one core can be completed coupled to a neighbour. A
‘beat length’, Lc, is defined as the propagation length over which there is total transfer of
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Figure 2.5: Power flow in core 2 in a directional coupler system, where light is originally launched
only into core 1. Over a beat length, Lc light couples from core 1 to core 2 and back to core 1 again
for the system represented by the blue line. The blue line represents a system with symmetric cores,
and the red line represents a different system with symmetric couplers but increased separation in
comparison to blue. For comparison, the light blue line shows the decrease in maximum power flow
as the cores in the blue line system are made to be slightly asymmetric instead of symmetric.
power from one fibre core to the other and back again, also labelled on Fig. 2.5. It can be
defined as
Lb = pi/C (2.14)
In a symmetric coupler, the strength of this coupling interaction (how small the beat
length gets) depends on the evanescent field of the neighbouring core. This type of directional
coupler is critically dependent on how well the confined wave-guide mode is and how far
apart the cores are. Fig. 2.4 shows a schematic of this, where C is described by how much
of the evanescent field perturbs the neighbouring core. It can clearly be seen in this Fig.
that C is bigger when more of the evanescent field extends to the neighbouring cores, and so
Lb in equation 2.14 reduces. It is therefore very sensitive to the spatial spread of mode into
the cladding. This can be influenced by both the separation between the cores, as visually
described in fig. 2.4 and also the wavelength as for a particular core scale, this will change
how well confined the mode is to the core.
2.4.2 Asymmetric coupler
Asymmetry in core radius or refractive index contrast introduces a phase-matching condition
to the coupling problem. Thus because the different cores now have different propagation
constants, β1 and β2, the amount of light that can be transfered between the cores reduces
from a complete transfer. For ‘nearly identical’ cores, this can be encapsulated in a param-
eter called ‘F ’, which describes how dissimilar the two cores are compared to the coupling
coefficient, C. It is defined as
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Figure 2.6: Wave guide phase-mismatch conditions and how these change the parameter F 2. The







where parameters are as previously defined [17].
Fig. 2.6 shows how this F parameter is dependent on the phase-mismatching between the
cores propagation constants, β. The amount of power that can be transferred is dependent
on how dissimilar the cores in the system are, as well as how far separated from each other
they are. For full power to be transferred between the cores, they should be completely
identical. Differences significantly reduce the amount of power transferred between the
neighbouring cores. The coupling between two dissimilar cores is different from the example
given in the blue line Fig. 2.5. The phase mis-match essentially means that unit power is no
longer transferred to the neighbouring core, and the maximum power that can be transferred
is reduced.
2.5 Taper transitions
It is sometimes useful to change the scale of a fibre along its length, so that is no longer
uniform. A taper transition couples light from one scale of fibre to another. A transition
that is this gradual in scale change is referred to as ‘adiabatic.’ Typically, an adiabatic
process is described in thermodynamics where energy is transferred to surroundings only
as work, in optical fibres we want to minimize the light from a given excited optical mode
in the beginning fibre from being transferred to cladding modes or other local modes. To
avoid exciting higher order modes, the transition should be adiabatic. For single mode
fibres, where there is only the fundamental mode, an adiabatic transition is also a low-loss
transition. For example, when splicing different fibres together, in order to have low loss
in the join, the two fibres modes much match at the input and output across the splice.
Changing the scale of the fibre can achieve better mode matching at this splice.
Adiabaticity is important for the post-processing of optical fibres that will be discussed
in Chapter 7. However, this concept is important for lots of fibre devices in photonics, such
as photonic lanterns [15], mode multiplexers [21] and fused couplers [17].
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Figure 2.7: A cylindrically symmetric fibre and taper transition (dotted). The fibre is no longer
uniform along its length [20].
Consider a simple of case of a single-mode fibre, with only the fundamental mode
launched at the input. If this fibre is then tapered to a smaller diameter, an adiabatic
transition will mean that only the fundamental mode of the output is excited, even if the
spatial distribution of the light appears differently at the output. Exciting the nth mode of
the input should excite the nth mode of the output, if the transition is adiabatic.
Well established mathematical criteria exists to specify the minimum length of an adi-
abatic transition. The following discussion summaries and builds on the work in [20]. Al-
though there are no simple solutions of Maxwell’s equations for a full description of loss
across a fibre taper [20], useful insight can be gained by considering each point along a grad-
ual transition as a fibre with a set of modes and solved. At each point along the taper length
z, the fundamental local mode propagation constant and fields are evaluated by solving the
boundary-value problem for the fundamental. It is intuitive to expect loss for a very high
taper angle, and to understand that very low taper angles can become impractical.
Using Coupled Mode Theory [17] and considering coupling at each point of the transition
[20], we can define the mathematical criterion for an adiabatic taper transition as





∣∣∣∣ dA << 1 (2.16)
where Ψ1 and Ψ2 are the normalised field distributions of the local modes which are most
likely to couple, A is the cross-sectional area of the fibre and z is the direction of propagation
parallel to the length of the fibre [15]. It can be seen from this equation that the more likely
the local modes,
β1(z) and β2(z), are to couple, the longer the transition should be. We compare a local
coupling beat length, 2piβ1−β2 , to the length of the transition, here expressed as angle θ(z).
For a fibre with only the fundamental mode, the relationship of adiabatic and loss in the
taper transition is straightforward. High loss can be associated with a non-adiabatic taper.
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This section contains the basic techniques and procedures for work in this thesis: how fibres
are made, post-processed and tested (transmission loss, bend loss, etc). Once optical fibres
have been fabricated, they can then be post-processed. This involves the modification of
standard step-index fibres, multi-core fibres and imaging fibres to increase functionality.
3.2 Fibre Fabrication
Optical fibres are fabricated by taking a large structure (the beginning macro-structure of the
order of 2-25 cm in diameter) and stretching it into a smaller size (the final micro-structure
˜10 - 1000 µm in diameter). This is done on a fibre drawing tower. It is a tall structure
in which heat can be applied to one part of the glass in order to vertically pull thinner
fibre from the heated macro-structure. For example, to make a single-mode fibre, a large
cylindrical structure of glass is placed into a furnace. The cross-section of the macrostructure
and the final microstructure consists of a core and a cladding. Interstitial holes present in
the marcostructure can be made bigger, smaller or collapsed completely by applying low or
high pressure during the draw at the top of the cane. Most commonly, a low pressure will
be applied in order to use a vacuum to get rid of the interstitial holes between elements in
the macrostructure that are no desired in the final fibre.
Macrostructures can also be drawn to rigid canes. Macrostructures before they are drawn
smaller on the fibre drawing tower are usually refered to as ‘preforms’.
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3.2.1 Preforms
A preform refers literally to any structure before it is drawn into fibre or a cane. Depending
on what fibre or cane is being made, a preform can be diverse in shape as seen in Fig. 3.1.
Preforms for single-core fibres can be made by Plasma Activated Chemical Vapor De-
position (PCVD) [22]. This process can deposit heavily doped layers of silica soot inside a
silica glass tube [23]. The dopants, commonly germanium or fluorine, increase or depress the
refractive index of silica respectively. The apparatus for this process can be seen in Fig. 3.2.
A gas supply system pumps gases into a silica tube. A moving nonisothermal plasma moves
along the tube, stimulating molecular reactions and depositing desired glass components on
the inner walls of the silica tube [23]. Each pass of the plasma zone inside the silica tube
forms a compact glass layer. The mixture of gas pumped into the tube can change for each
layer, enabling fine control of the refractive index throughout the preform. Gradually, the
layers are built up to form the desired refractive index profile.
The resulting tubes, filled with doped glass to form a complete solid glass rods with
germanium or fluorine dopants throughout the cross-section, can be drawn straight to fibre
or to cane. Drawing to cane allows these structures to be stacked to make multi-core fibres,
such as fibres shown in Chapters 5, 6, 8.
3.2.2 The ‘stack and draw’ method
Fig. 3.1 shows a variety of preform structures. These structures have been formed by
stacking canes together to form a preform with many elements in its structure. For example,
a multi-core fibre preform is a hexagonal stack of canes. Each core in this structure is made
from drawing a single-core preform into several smaller canes. These structures can be
‘jacketed’, which refers to putting the structure into a glass tube, or drawn into another
cane for the whole process to be repeated.
The ‘stack and draw’ method is shown in Fig. 3.3 [24]. Canes with or without dopants,
Figure 3.1: Preform examples. From top left, clockwise: a hexagonal multi-core stack for an
imaging fibre element, a stack of these hexagonal stacks for an imaging fibre, hollow-core preform,
multi-core preform in a jacket, jacketed single-core preform.
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Figure 3.2: Scheme of apparatus and process for PCVD [22]. A gas mixture is pumped into a silica
tube. A moving plasma deposits layers on the inside of the tube, and builds up the full refractive
index of the desired profile layer by layer.
Figure 3.3: A schematic representation of the multi-stack and draw method before the final
preform for imaging fibres. In order of stages: (a) Doped preforms are drawn to canes, (b) the
canes are staked into a centred hexagonal lattice and drawn to canes, (c) these hexagonal canes
are stacked and drawn again. This is repeated until there are the desired number of cores in the
preform.
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depending on the structure, are stacked into a hexagonal close packed array. In order to
stack thousands of doped core elements, this ‘stack’ can be drawn into another cane and
stacked again, as is done in the case of the imaging fibres in Chapters 5 and 6. Once the
stack is finalised, it is inserted into a silica tube. It can then be drawn into another cane or
straight to fibre. If high or low pressure is to be applied, it is sometimes useful to draw into
a cane first before drawing straight to fibre.
3.2.3 Fibre tower
The fibre tower draws preforms into fibre, protects them with a protective layer of coating
and winds it onto a drum for collection. Fig. 3.4 shows the important components to the
fibre tower. In order they are: a holder for the preform, a furnace at around 2000 °C, a
laser scanner to measure the outer diameter of the fibre, a coating cup to apply the viscous
coating, a UV lamp to cure the coating, a capstan to pull glass at the draw speed and a
winding drum that collects the fibre. The preform is slowly fed into the hot-zone of the
furnace, pulled out fast into fibre by the capstan. The surface of the fibre is protected from
the environment by the UV-cured coating, applied at the coating cup and cured by the
lamp. Finally, all the created fibre is collected on the winding drum.
For a simple preform, such as that used to make single-mode fibre, the fibre diameter




where d is the outer diameter, v is the velocity, and subscripts f and d refer to feed and
draw respectively.
Pressure can also be applied to the preform in order to get rid of air holes, or keep air
structures open. For example, differential pressures are often introduced in the final stages
of preforms made with the stack and draw method, such as that in Fig. 3.3, in order to get
rid of the interstitial air holes between stacked elements. Increased pressure is important
for structures where these holes should be kept open, such as in photonic crystal fibres
(PCFs), hollow core fibre (HCFs) and the air clad fibre in Chapter 6. Applying different
pressures deviates the conservation considered in equation 3.2.3, in which case the draw
speed is altered until the fibre diameter is the correct size.
3.3 End face preperation: cleaving, stripping and pol-
ishing optical fibre
The input and output ends of any fibre need to be clean so that there is good throughput of
input and output light. Often a flat cleave perpendicular to the longitudinal axis of the fibre
is also desired to avoid deflection of the output direction of light, such as when coupling into
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Figure 3.4: Schematic of a drawing tower for making optical fibre. Key parts are as labelled in
the image.
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Figure 3.5: A simple taper structure from one single step-index core fibre. Labels (a) and (e)
show the uniform fibre, (b) and (d) are the taper transition, and (e) is the waist.
another fibre or optical component. The easiest way to achieve both of these requirements
it to make a fresh cleave in the fibre. A cleave is a deliberate break, done by scribing the
glass surface with a ceramic. First, the protective coating has to be removed, which is a
process referred to as stripping the fibre. This is often removed by gently running a razor
blade along the length of the fibre, but wire strippers and chemical removers can also be
used. Once the surface is exposed, the glass is gently tapped with a ceramic tile in order
to scribe a point around the circumference. Tension or bending then causes a fracture that
propagates across the fibre cross-section.
For larger fibres, and especially the imaging fibres discussed in Chapters 4 and 5, it is
harder to get a uniformly flat cleave. It can therefore be useful to polish the fibre instead.
The fibre end is glued into a ferrule, and polished back until a flat surface can be seen [25].
3.4 Post-processing
Fibres can be post-processed in order to change their scale along the direction of propagation.
These changes to the fibre structure are broadly called tapers, an example of which is shown
in Fig. 3.5. A simple taper structure will have a transition, labelled in Fig. 3.5, from the
original uniform fibre size and a waist of different diameter size across a set length. The
term taper is broadly used whether the whole post-processed structure shown in Fig 3.5 is
kept intact, such as in mode filters [26] or couplers [27], or is cleaved at the waist, such as
in photonic lanterns [14]. The concept of an adiabatic change from one fibre diameter to
a smaller or larger size was also introduced in Chapter 2. This adiabatic change can be
created in fibre tapers, provided that the transition is long enough [20]. Post-processing of
optical fibres is done on a taper rig.
3.4.1 Taper rig
A taper rig, shown schematically in Fig. 3.6, is a piece of equipment that allows for very
fine control of the shape of the taper. A butane-oxygen flame is used to gently stretch a
uniform fibre into a smaller size, over some distance. The fibre is held in elongation stages
that move apart from each other, stretching the fibre. The heat source used to soften the
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Figure 3.6: Schematic diagram of a taper rig that stretches a fibre between two elongation stages
while it is heated by a travelling burner.
fibre is assumed to be small compared to the waist of the fibre. In creating the shape of the
taper, it is assumed to be a point source. A travelling burner with moving stages is reliably
capable of reproducing any tapers with any reasonable shape.
The taper consists of three stages, two are used to stretch the fibre and the other one
to control the position of the flame. The movement of all three stages is controlled by a
computer. On our rig, a oxygen-butane flame is used for the heat source (typically around
1600 —1800 °C) [28]. The size and temperature of the flame can be controlled by the rate
of output of the mixture of gases, as well as some influence from the type of burner used.
The speed that the burner moves across the fibre (burner speed) as well as the rate that the
two other stages stretch the fibre (elongation rate) can all be finely controlled in order to
create specified waist diameters and transition lengths. The burner is usually set to travel
in a constant speed following an oscillating back and forth movement [29]. This guarantees
that each point of the region of interest is exposed to the burner by the same amount and
for an equal time. This assures a uniform waist diameter and also gives the flexibility to
form any taper shape [29]. After the taper is made, the burner is moved away and the taper
retains its shape. Tapers are strong and durable enough to be well handled in experiments,
such as the 5 µm taper shown in Fig. 3.7.
3.4.2 Burner types
Burners are hand made closed pipes with a small opening, of the order of millimeters in
diameter. The types of burner that are used on the taper rig are shown in Fig. 3.8. Burners
deliver a mix of oxygen and butane gas to a volume where they combust. Different burners,
such as modified closed pipes, needles or PCF canes give qualitatively different flames, and
so can affect taper shapes because of range for the size of the flame.
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Figure 3.7: A simple taper of 5 µm made from SMF-28 (larger structure that has an OD of 125
µm) crossed over a untapered SMF-28.
Figure 3.8: Different burners that can be used on the right. From left to right: ‘normal’, three
hole, needle and PCF.
38
Figure 3.9: ‘Cut back’ measurement. A length of fibre, L, is cut back to a shorter length, L’, and
the change from power P to P’ is compared.
3.4.3 Microstacks
A microstack is essentially just a smaller version of the stack and draw technique discussed in
Chapter 3. Fibres are stacked into a capillary in order to taper separate fibres together into
a common device. Similarly to the fibre tower, differential pressures can be applied to close
or keep air holes open. Alternatively, the outside capillary is not always required, depending
on the device wanted, and structures can be stacked on appropriately shaped V-grooves at
the elongation stages that hold the desired shape. Similarly to how the hexagonal canes are
stacked on a hexagonal rig in Chapter 3, pseudo-slit ribbons can be made using V-grooves
that are slits. This is further discussed in Chapter 9.
Microstacking uncoated fibres are useful for structures that require any kind of ’fan-out’,




Attenuation in a silica fibre occurs because of water vapour absorption and Rayleigh scatter-
ing. Wave-guide properties of the fibre structure itself (such as the V-number and coupling
loss discussed in Chapter 2) can also cause loss. Additionally, potential defects in the fibre
structure, such as bubbles in the cross-section, can increase loss due to scattering. A com-
mon way of testing attenuation of fibre is called the ‘cut-back method’, as shown in Fig.
3.9. The transmission of power, P , through a length, L, is measured. The fibre is then cut
back to a shorter length, L′, without disturbing the input, to measure a new transmission,








and is measured in decibels per kilometre. The change in physical output is assumed to
not be a factor in this measurement because the detector is large enough to capture to full
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cone of light from the fibre end. The source in our experiments is spectrally filtered at the
input, so the output does not need to be measured by a spectrometer and instead a simple
detector, such as a photodiode, will do.
Taper loss measurements
Tapered fibres are made to manipulate light in some way, while being low loss. Loss of
a taper can be simply measured by looking at the power output before and after post-
processing an optical fibre. Sometimes loss for a tapered device is also measured by using
the cutback method, shown in Fig. 3.9, where the tapered device replaces the cut off length
L. However, in this case measuring the attenuation in dB/m is not appropiate, and instead
the loss introduced by the taper only is considered. The power transmitted through the
device is measured, the tapered device is cleaved off, and the new power is measured.
3.5.2 Bend loss
Bending the fibre introduces loss because the effective refractive index across the cross-
sectional area is changed. In this thesis, the bend loss is measured by wrapping the fibre
around a cylinder of a particular diameter (for commonly available fibres, this diameter is
of the order of 10cm or less). The amount of loops wrapped around the cylinder is usually
5 turns or more, depending on how much fibre length is available. The power with and







where parameters are as defined in equation 3.5.1 and is measured in dB.
3.5.3 Inspection of fibre output
The near field and far field are the different regions of the output field from the fibre end
face that give insights into the modal content transmitting through a fibre.
Near-field Intensity pattern
Visual inspection of the modes of the fibre or tapered device can be done with visual in-
spection of the near-field of the output. After launching into the fibre with a light source,
the near field is measured using a lens, usually a microscope objective, and the appropiate
camera for the wavelength of interest. An example of the type of experimental set-up to
test this is shown in Fig. 3.10.
3.5.4 Far-field Intensity pattern
By removing the output objective the far-field pattern can be captured. The far-field is the
Fraunhofer diffraction pattern of the near-field pattern of the output [18], and is mathemat-
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Figure 3.10: Near field measurement set-up.
ically described by its Fourier transform. The far-field is therefore measured similarly to the
near field, as shown in Fig. 3.10, but without the objective lens and little separation between





In this Chapter I shall discuss imaging fibres. In particular, I shall focus on multi-core imag-
ing fibres, also known as fused coherent fibre bundles. To later fabricate appropriate imaging
fibres for Proteus, it is important to understand the limitations of the imaging capabilities
of these fibres inherent in the fabrication process and technology, but also suggest methods
by which these effects can be minimised. In order to later compare imaging fibres, in this
chapter I discuss different qualitative characterisation techniques that are readily available.
Two new quantitative estimation schemes are introduced (Fourier domain interferometric
measurements and static white noise distribution). These characterisation techniques will
be demonstrated on two commercially available imaging fibres from Fujikura Ltd.
4.2 Multi-core imaging fibres
The majority of imaging fibres in current use today are typically formed from an array
or ’bundle’ of densely packed cores surrounded by lower index material. Fig. 4.1 shows
Figure 4.1: Examples of common imaging fibre ’bundle’ types. (a) Wound fibre bundle with 5×5
arrays of 10 µm core diameters, (b) Fused bundle with core diameters of 3 µm, (c) Leached fibre
bundle with core diameters of 8 µm. [30]
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examples of these structures. Fig. 4.1 (a) shows a wound fibre bundle, which is usually
made for industrial applications where the fibre needs to have a large cross-sectional area
and still be very flexible. This type of fibre is made by winding smaller bundles of 5x5 fibres
into a single-layer ribbon, and then assembling these ribbons into layers. The input and
output ends are fixed and polished, but throughout the length of fibre, laminate layers of
the 5x5 bundle ribbons are free to move against each other, allowing the large fibre to be
flexible [30]. Fig. 4.1 (b) shows a fused fibre bundle. The cores of a fused bundle exist in
a common cladding along the whole length of fibre. These are easy to use and fabricate,
but obviously when the outer diameter is large their flexibility is limited. The minimum
bend radius is often of the order of several centimetres [30]. The leached fibre bundle shown
in Fig. 4.1 (c) combines the benefit of the flexibility from the wound bundle with a the
close packing of fused bundles. The cores are arranged similarly to (b), but throughout the
length the cores are made physically separate by acid leaching of the outer layer of cladding
from each cores, allowing the bundle to be extremely flexible [30]. All of these structures
are examples of ‘coherent imaging fibre bundles’, which simply means the input and output
cores are arranged in the same order at both faces. They can all be used at ‘zero working
distance’, which means no distal optics at the end of the fibre.
The work in this thesis is concerned only with multi-core imaging fibres of the fused
type, as shown in Fig. 4.1 (a). All of the cores are fabricated in a single, large diameter
fibre. Thousands of cores exist in a common cladding and form one complete solid fibre.
Consequently, cores can be packed together more closely than in other structures. This is
beneficial when the size of the Proteus probe is limited by the size of bronchial pathways in
the lungs. To explore the upper airways of the distal lung, it is also useful for the fibre be
small and flexible in order to have a small minimum bend radius [31]. Unlike normal multi-
core fibres that are commonly used in telecommunication applications, the individual cores
are not expected to behave as separate, uncoupled channels [30]. Instead, independence has
been sacrificed for the sake of closer core spacing. A higher degree of coupling between the
cores is accepted over a few meters, in order to obtain better imaging resolution from the
closely packed cores. Each core is designed to carry a pixel of the input image. The image
is then reconstructed at the output using the light from the cores as points in the image,
despite there being some coupling between nearest neighbour cores [30].
These types of imaging fibres were one of the first successful demonstrations performed
with glass fibres. Their underlying operation is arguably the one of the oldest in optical
fibre technology. In the 1930s, H. Lamm made the first imaging fibre by combing together
bare glass strands [1]. These strands need to be carefully combed together in order to
ensure that the input image was not scrambled at the output end [1]. A lack of cladding or
coating material, unpolished and untreated surfaces, and silica glass nowhere near as pure
and high transmission quality than that available now resulted in a bundle that wasn’t very
transparent, green in colour, and need a very bright light source if there was any hope of
seeing a transmitted image at all. Since then, there have been lots of improvements in the
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quality of glass used, the fabrication techniques and the knowledge of how light is carried
in these structures. However, the idea of coherently bundling together lots of light guiding
cores to transmit an image is basically the same.
One of the largest global suppliers of modern imaging fibres is an electrical equipment
manufacturing company called Fujikura. Fujikura produce a range of imaging fibres that are
widely used in research and technology applications. These fibres are often used in imaging
set-ups and compared in imaging systems in literature [32–36]. The particular Fujikura
imaging fibres discussed in this chapter are of interest to Proteus because they are currently
used in the world-leading respiratory endoscopes produced by Mauna Kea Technologies.
Fujikura fibres are often used with a system called ‘Cellvizio’, which creates real-time in-
vivo video sequences [31]. These fibres therefore have significance in flexible endoscopy of the
distal lung and Proteus. This Chapter details the optical characteristics and performance
specifications of these fibres, which is not widely public [37].
4.3 Optimum core structures for imaging
Figure 4.2: Imaging fibre preforms in blue resin pucks (about 2 cm in length and 25 cm in
diameter) made by H. A. C. Wood. Left images are the earlier stages. The furthest right images
are the last preform stage. Top: Preform structures placed on a light box and over the letter ‘U’.
Bottom: Back-illuminated micrographs of the different structures at the same magnification.
An imaging fibre samples an image by guiding light through its cores. Imaging fibres have
core structures that are at a ‘goldilocks’ point between minimizing coupling and maximizing
sampling. Cores need to be small and closely packed enough to sample well, but without too
much coupling. Fig. 4.2 shows slices of preforms (about 2.5 cm in length) of a multi-core
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stack. Each preform is at different stage of the repeated stack and draw method discussed
in Chapter 3, so the structures have decreasing scales as the fabrication progresses. The
short canes of graded-index glass in these preforms behave as arrays of lenses that sample
the image, in this case the letter ‘U’ on a light box. Clearly, the preforms with large canes
are too large to accurately represent the image. The smaller structures, in the later stages of
the preform process in Fig. 4.2, have high spatial frequencies that of the original ‘U’ image,
and so do a better job of representing it.
As discussed, closely packed, small cores are able to sample an image better, as they have
a higher spatial frequency. This is only true if there is no coupling between them. Closer
cores result in a higher degree of overlap between the evanescent field into neighbouring
cores, and so the light spreads out, leading to reduced image quality. Smaller cores result
in a reduced V-parameter, as discussed in Chapter 2. This means more of the guided
mode is present in the cladding, so again there is more coupling. The refractive index
contrast between core and cladding, as well as core dissimilarity, reduce this effect, by
respectively increasing the V-number for a given core size and introducing phase mismatch
in the coupling. Regardless, coupling is still a limiting factor in imaging fibres. This spread
of light diminishes the image contrast. Coupling increases for a given fibre with increasing
wavelength, so the breadth of wavelengths over which the fibre can resolve is also limited.
The separation of cores must be close enough to sample the image, but separated enough to
minimise the coupling of light to neighbouring cores.
Proteus needs an imaging fibre that can image lung structures of 5 µm that fluoresce
in the ‘green band’ (420-510 nm). It should also be able to see chemically tagged bacteria
as ‘glittering’ objects in the ‘green band’. Ideally, the fibre should be able to image tagged
bacteria in the NIR too. The fibre needs to be flexible to explore the airways of the distal
lung, and small enough to fit (the whole probe should be less than 1.4 mm). In summary,
Proteus needs a thin, flexible imaging fibre that works across a broad range of visible wave-
lengths. In this chapter, we analyse the commercially available imaging fibres from Fujikura
for their structure, composition and imaging capabilities.
4.4 Fujikura FIGH-30-650S: ‘clinical’ and ‘lab’ fibres
Fujikura provides basic information for their imaging fibres: core number, field of view, outer
fibre diameter, coating diameter, minimum bend radius and coating material information
[38]. This is useful information when purchasing the fibre to use in an imaging system, but we
need to know more than these given specifications. We would like to assess the resolution of
the Fujikura imaging fibres, and how well they can image at different wavelengths. This can
be characterized with using the imaging fibre in a simple back-illumination configuration
to inspect objects, such as optical masks, at different wavelengths. To gain insight into
‘prior art’, we are also interested in the structure of the Fujikura fibre. In order to know
how our fabricated imaging fibres compare, we need to know core diameters, separation,
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Figure 4.3: Micrographs of the Fuijikura ‘lab’ fibre (a) and ‘clinical’ fibre (b). The larger images
are micrographs taken with a camera on a microscope and light back illuminating the cores. The
inset images are from a scanning electron microscope, and the contrast observed between core and
cladding is based on the refractive index contrast.
dissimilarity and the refractive index contrast. This provides insight into how Fujikura
achieve the imaging capabilities of their fibres. In this chapter, we analyse the cross-section
of the fibre with a variety of techniques, such as optical microscopy to inspect mode patterns
and scanning electron microscopy to inspect glass structure.
The imaging fibre described in Mauna Kea Technologies Cellvizio system for bron-
choscopy is specified to have 30,000 cores and an outer diameter of 650 µm. A fibre fitting
this description can be purchased from Fujikura, labelled as FIGH-30-650S. This fibre was
of interest for Proteus because of its use in the industry gold-standard for bronchoscopy.
However, despite it being assumed that this was the same fibre in the Cellvizio system at
the beginning of the project, I found that there are two entirely different imaging fibres.
Throughout this chapter I will refer to FIGH-30-650S as purchased as the ‘lab’ version, and
the fibre in the Cellvizio system as the ‘clinical’ version.
The differences between the two fibres are readily apparent by inspection, as shown
in Fig. 4.3. The most obvious difference is the core diameters. The clinical fibre has a
wider variation in core diameters, shown in Fig. 4.3 (b). The structural differences between
the fibres are important not only to characterise their overall imaging performance, but to
understand how this is compromised depending on their intended use. For example, the
gap between the cores could be increased in order to ensure tagged bacteria appears as
‘glittering’ structures [31], where fluorescing bacteria appears for a short time at one core,
and then disappears as it moves to a non-sampled part of the image, but would usually be
considered to be at the expense of the fibre’s imaging quality as less of the image is sampled.
Another example is that the fibre itself may fluoresce due to dopants, obscuring the resulting
image, and refractive index contrast and imaging quality could be reduced for the sake of
less fluorescent background. The following sections discuss the characterisation of the fibre
structures in more detail.
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Figure 4.4: Micrographs of the Fuijikura ‘lab’ fibre (a) and ‘clinical’ fibre (b). Both images have
the same magnification of x800.
4.4.1 SEM images and EDX analysis
Scanning Electron Microscopy (SEM) analyses samples in low to high vacuum, by scanning
the surface with a focused beam of electrons. These interact with the atoms at the surface,
and the energy distribution of the back scattered beam can be used to produce a topological
and compositional imaging of the rastered surface. This is a reliable way of analysing
the structure of glass fibres, because it does not rely on transmitted optical light, which
images the modes and so does not necessarily reveal the actual core structure clearly. SEM
effectively reveals the refractive index contrast across the structure, due to the different
dopants. Images of the lab and clinical Fujikura fibres reveal the different glass compositions,
as seen in Fig. 4.4.
In both the optical micrographs in Fig. 4.3 and the SEM images in Fig. 4.4, the dif-
ferences are apparent by inspection. Both images were taken under the same conditions, in
the same session between the fibres, so can be compared. Additionally the imagge contrast
appears to be reduced in the clinical fibre, which indicates a lower refractive index contrast.
The increased core diameter dissimilarity seen in Figs. 4.3 and 4.4 could be to compen-
sate for the suggested decreased refractive index contrast. Increasing dissimilarity in this
case can retain the high-quality imaging properties despite the reduced dopant contrast, by
introducing a phase mismatch in the coupling as discussed in Chapter 2.
Energy Dispersive X-ray Analysis (EDX) provides further evidence to suggest there is less
refractive index contrast in the clinical fibre, because of a reduced dopant concentration in
the results for similar areas. This method is used to determine the elemental composition of
a material by firing high energy electrons at the surface. These incoming electrons bombard
the constituent atoms causing emission of electrons from the inner shells. The resulting
reorganisation of the atomic electronic structure, with electrons from higher energy shells
falling down in to the vacant orbital leads to the emission of X-ray photons with well defined
energies determined by the energy difference between the electronic levels. These X-ray
photons are collected with an X-ray detector. The emission spectrum is unique to the
atomic structure and so the elemental composition of the sample can be found. The results
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Table 4.1: EDX results of the Fujikura ‘lab’ and ‘clinical’ imaging fibres for the same sized areas
of analysis.
Lab fibre Clinical fibre
Element Emission Line Weight% Atomic% Weight% Atomic%
C K 16.14 25.69 14.59 22.78
O K 39.38 47.06 42.51 49.83
F K 1.01 1.02 0.78 0.77
Si K 35.45 24.13 38.05 25.41
Ge L 8.02 2.11 3.72 0.96
Total 100 99.65
can be seen in Table 4.1. The presence of carbon is unlikely to be entirely from the imaging
fibre. We use carbon tape to hold fibre stubs in place, and in low vacuum it is likely to be
a contribution from the tape. Other elements are familiar and somewhat expected. It is
interesting to note that there appears to be some contribution of fluorine in the fibre, which
could be present in the cladding to suppress the refractive index. However, it could also
be present in the fibre coating, but this has been removed from the stub so is unlikely to
be present. The letters ‘K’ and ‘L’ in these tables refer to different emission lines due to
different energy level transitions [39].
Table 4.1 is not a perfect comparison, because core packing between the fibres are clearly
different. If the cores share a common cladding in both the fibres then the increased core
density in the lab fibre would increase the dopant concentration in similar areas in compar-
isons between the two fibres. Using the SEM images, the packing fraction of the two fibres
was calculated by assuming the cores to be step-index. With image processing, I applied a
threshold to each image to find a boundary based on the grey scale values of the image. I
then comapared the area inside and outside of the boundaries. The core packing fraction
of the lab and clinical fibres was found to be 29 and 19 ± 5 % respectively. It can be seen
from Table 4.1 that the ratio of silica to the primary dopant, germanium, is larger in the lab
fibre, even when weighted by the different packing fractions. To account for the difference
in core densities, I reduce the proportion of GeO2 by the reduction in core area.
Given the high presence of dopants, it is likely aluminium has been introduced in order
to reduce stress in the glass [40]. In the EDX measurements we found a higher presence
of aluminium for the lab fibre, but this is not included in Table 4.1. It was hard to get
satisfactory results above the noise level as the chamber for the EDX measurements, and
the holder for the fibre, are both made of aluminium. Due to potential charging of the fibres
surface [41], a low vacuum was used, which causes spurious scattering and a high noise of
aluminium readings that come from around the fibre. However, in several EDX sessions, the
lab fibre always had a higher presence of aluminium than any other imaging fibres or canes
tested.
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Figure 4.5: Histograms of centre to centre core separation of the Fuijikura ’lab’ fibre (left) and
’clinical’ fibre (right).
The Fujikura clinical fibre is used in endoscopic systems that perform fluorescence imag-
ing of human tissue. However, doped fibres produce an intrinsic background fluorescence [34].
Reducing the Ge dopant concentration in the clinical fibre would potentially reduce the
amount of autofluorescence in this wavelength range of interest. This could explain why it
appears to have less presence of dopants than the lab version. The lab fibre, as will be seen,
possesses better imaging capabilities because of the higher refractive index contrast (reduc-
ing coupling) and higher packing fraction. The lab fibre is designed to be used in a wider
variety of conditions, whereas the clinical fibre needs to work for human tissue. Overcoming
the fluorescence background by increasing the power of light launched into the light is not
an option for human tissue, as this will be limited. Therefore, the fibre needs to suppress
this background, at the expense of imaging capabilities, because it is unlikely to be fixed in
the imaging system or mode of operation.
4.4.2 Core separation
Fig. 4.5 was produced by sampling the SEM images and measuring the centre to centre core
separation. The bin width was determined by the width of two pixels on the SEM image.
The average core separations for the lab and clinical fibres were 3.4 ± 0.1 µm and 3.6 ± 0.1
µm respectively. The core separations are very similar. This is an expected result, given
that the fibres have the same outer diameter and core number.
4.4.3 Core diameters
The core diameters determine how well the imaging fibre works for different wavelengths.
An imaging fibre that is designed to work well in the visible will degrade with increasing
wavelengths due to the lower V value, and hence more evanescent field in the cladding, and
more coupling, as described in Chapter 2.
The core diameters were found by processing the compared SEM images from the same
session as Fig. 4.4. I used a similar imaging processing procedure as described in the previous
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Figure 4.6: Core spread of the two different Fujikura fibres. The clinical fibre (left) and lab fibre
(right).
section. The cores were all assumed to be circular, and the area within the boundary was
used to find the diameter. The results were then compared to the diameters observed in
micrographs, in order to cross reference the values. The spread of core diameters in the
SEM images are shown in Fig. 4.6. The distributions are very dissimilar between the two
fibres, definitely showing they have different structures. The clinical fibre has a much wider
range of core sizes. The majority of the cores are at smaller diameters than the lab fibre.
This is surprising when considering the refractive index contrast is less than the lab fibre
(so much evanescent field will be in the cladding of this fibre).
In the lab fibre, the dissimilarity has been reduced in order to fill up more cross-sectional
area with cores because less dissimilarity is needed as there is a high refractive index contrast,
as suggested by the high presence of dopants. It is interesting that the cores are larger is
diameter. I suspect this is because the core separation used is sufficient for low coupling,
and larger core diameters for this set separation give better pixel density. Additionally, the
cores are multi-moded for the most of the visible range. I suspect this is to increase imaging
quality for the longer wavelengths, but it does introduce more modes that could couple
between cores at the shorter wavelengths.
4.4.4 Refractive index contrast
Rudimentary investigations into the refractive index contrast of the two fibres was made by
using the EDX data. I also compared the output of light from the two fibres.
From examination of images of our ‘lab’ fibre to images in literature, the NA of other Fu-
jikura fibres with similar structures is reportedly 0.39-0.4 [37,42]. This is a very high dopant
concentration for a SI structure with a small surrounding cladding, as will be discussed in
detail in Chapter 5.
EDX data was used to compare dopant levels. However, as previously discussed this is not
a perfect comparison due to the different dopant areas. We have also made the assumption
that the Fujikura cores are SI. Other core refractive index shapes, such as graded-index
discussed in Chapter 2, will change the weighted dopant areas. However, EDX comparisons
with known fibre NAs (ranging from 0.10 to 0.3) suggested that the NA of the Fujikura lab
fibre is very high in comparison.
I also visually compared the cones of light from both fibres. I excited the fibres with
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Figure 4.7: Left: micrograph of a thin layer of onion skin stained with iodine. The cell structure,
such as the cell walls and nucleus can be seen. Right: Onion cells imaged at ZWD through the
Fujikura lab fibre using bandpass filters with peaks at 450, 650, 550 and 700 nm.
white light from a super-continuum and inspected the far field at a plane held 10 cm away.
I measured the cones of light at the plane and found the lab fibre to be larger in diameter.
These are not precise measurements, but do add further verification that the refractive index
contrast between the two fibres is different.
4.5 Imaging capabilities
I inspected the imaging capabilities of the lab Fujikura by using biological samples. I used
thin layers of onion cells. These layers translucent, sit well on a flat surface, and are easy
to prepare. The onion cells are stained with iodine. The scale of the features in the onion
cells used can be seen on the micrograph provided in Fig. 4.7. The height of the cells are
over 100 µm. The circle in the centre of the cell is around 20-30 µm.
In this thesis, images are taken at zero working distance (ZWD). Distal optics on the
end of the fibres take up limited space in the lung, so the fibres are often used at ZWD. This
means that for good quality images, the fibre end face needs to be directly in contact with
the object. The flat layers of onion cells lend themselves well to this. The experimental set
up used is shown in Fig. 4.8. A supercontinuum back-illuminates a slide that is at ZWD
from the imaging fibre. A camera images the NF of the fibre output. Bandpass filters are
placed before the monochrome camera, in order to test the imaging capabilities at different
wavelengths.
Fig. 4.7 shows results of lab Fujikura fibre imaging white onion cells at ZWD. The onion
cells are back illuminated by a supercontinuum source, which emits a broad spectrum of
coherent light across the visible range. It can be seen that most of the prominent features
of the onion cells can be resolved from 450 - 700 nm. There is little resolution degradation
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Figure 4.8: Experimental set-up of the supercontinuum back illumination of the imaging fibre.
A 1064nm microchip laser is launched into a PCF fibre that excites a supercontinuum output that
extends across the visible. The onion cells sit on a glass slide. The fibre is pressed against the slide
so that images are at ZWD. A bandpass filter can be put in the beam path in order to test the fibre
at different wavelengths.
over a broad range of wavelengths.
Although a readily available tool to investigate the imaging capabilities of the imaging
fibre, this method features a number of limitations. For example, through back illumina-
tion the opacity the onion cells could diminish the observed imaging quality. The objects
inspected can vary over tens of µm, making it harder to compare fibres in resolving small
features. For confident comparisons between imaging fibres, a more universal tool is prefer-
able.
4.6 United States Air Force (USAF) target imaging
United States Air Force (USAF) targets are a routinely used amplitude mask for the testing
resolution of an optical system. It is a widely used standard to characterise the resolution of
microscopes, cameras and image scanners. In literature this has naturally extended to char-
acterising imaging fibres too. Their popularity in literature, familiarity in assessing imaging
resolution quality, and their intuitive use are why they were selected for the experiments
contained in this thesis. The targets used were purchased from Thor Labs [43] and Edmund
Optics [44].
Fig. 4.9 shows an example of a 1951 USAF target pattern. The target is composed of
patterns of bars, with reducing sizes in ‘groups’ and ‘elements’, as described in table 4.2.
The spacing between the lines in each element is equal to the thickness of the line itself. A
set of six elements (three horizontal bars and three vertical bars) and four spaces between
bars are in one group. The smallest elements that can be seen measures the resolution














In relation to imaging fibres, it is more useful to refer to the µm size, in order to more
intuitively compare to core and diameter size. Table 4.2 describes the main elements of
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Figure 4.9: Design of a negative USAF target (white sections are transparent) with conventional
terms labelled. A group is a series of elements, and elements are line pairs that are orthogonal to
each other.
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interest in this thesis and the size of the fringes in µm.
In this thesis there are two types of USAF target: negative and positive. These are
the same size and shape structure, with only the elements that are transparent and opaque
inverted. Fig. 4.9, where the white sections are transparent and the dark sections are
opaque, shows a negative target. The positive target is simply the inverse of this.
It is interesting to note that some imaging fibre publications that use USAF targets don’t
use the elements to showcase the quality of the fibre, but instead use the numbers meant to
label the elements [32,45–47]. These labels are above 20 µm in height, and while familiar and
immediately apparent, it can be hard to compare imaging fibres with such an image. They
provide a qualitative image that can be imaged, but not necessarily an ultimate resolution
that makes imaging fibres easily comparable.
My first imaging experiments were conducted through ‘back illuminated’ conditions,
which means the USAF targetis illuminated from behind, imaged through the fibre under
test and the output is inspected with a camera. This is the same set-up as previously shown
in Fig. 4.8, but the slide is replaced with the USAF target. Different illumination sources
were compared, from supercontinuum excitation and white light from a tungsten lamp, but
in all cases the illumination source is behind the USAF target.
The Fujikura lab fibre works well across a wide spectrum of wavelengths. The spatial
frequency of the cores prevents the smaller elements of group 7 from being resolved, but most
elements in group 6 can be seen until 650-700 nm. For much of the visible wavelengths, the
performance of Fujikura is good until very suddenly fails towards the near-infrared and the
image becomes unresolvable.
We also built an imaging system to work in reflection, to mimic the endoscopic fluores-
cence system. A supercontinuum source illuminates the imaging fibre. The USAF target is
now placed at the output of the imaging fibre. Behind the target is fluorescent slide. The
output light of the supercontinuum excited the dye in the slide, and the fluroescent light
back-illuminated the USAF target. A dichroic filter was put before the fibre input in order
to separate the pump wavelength from this fluorescent light. Two excitation bands (green
420 - 510 nm and red 600 - 650 nm) were used as a light source for our experiment. The
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Figure 4.10: USAF target images through lab Fujikura fibre using different sources. The back-
illumination source in the images in the top row is a tungsten lamp through a 400 µm multi-mode
fibre. The source in the images in the bottom row is a supercontinuum through a 400 µm multi-mode
fibre.
filtered excitation light passed through a dichroic beam splitter and was coupled into our
fibres through an aspheric lens with an NA of 0.5. The USAF 1951 targets were imaged at
zero working distance from the distal end of the fibre with either a green fluorescent or red
fluorescent slide placed behind them. Light emerging back out of the proximal end of the
fibre was imaged onto a CCD camera after passing through the dichroic beam splitter and
a second collection filter with two wavelength bands, 520 - 600 nm (green band) and 650 -
750 nm (red band). These wavelength ranges for collection are the bands of interest for the
Proteus project.
Fig. 4.11 shows the results from the fluorescence experiment for the ‘lab’ Fujikura fibre.
It can be seen that there appears to be very little qualitative difference between how the
fibre images between sources. The smallest elements that can be resolved match those seen
in the results shown in Fig. 4.10, despite the different imaging systems. This allows us to
use the more flexible experimental set-up in Fig. 4.10, with faith that is does fairly represent
the behaviour of the intended use. In the band with longer wavelengths, Fig. 4.11 (b), more
coupling can be seen in the form of light in the cores where the target should be opaque.
The light in these areas appear as higher order modes.
For completeness, images using the negative USAF target where also taken in the same
set-up. These are shown in Fig. 4.12. In the positive image, it is much easier to inspect only
the elements and whether they can be seen. It can clearly be seen that the resolution of the
‘lab’ Fujikura fibre changes very little with green and red wavelengths. Differences between
the two images in 4.12 appear to be minimal and cosmetic. More cores are illuminated in
55
Figure 4.11: Positive USAF 1951 test target fluorescent images taken through ‘lab’ Fujikura
(FIGH-30-650S) with different excitation bands. (a) USAF target image through the green band
(420-510 nm) and (b) the red band (600-650 nm).
Fig. 4.11 so at longer wavelengths, the change in coupling across the fibre is noticeable as
a ‘grainer’ white space. However, the smallest element that can be resolved (in this case
group 7, element 3) is the same in both results.
With much of this discussion, the assessment is qualitative. For a given fibre, at a few
different wavelengths, it is helpful to observe what resolution the fibre is capable of. However,
it is difficult to meaningfully compare these fibres to each other. Often, once a resolution
has been established at a short wavelength, which strongly depends on the spatial frequency
of the sampling cores, it is the coupling that is detrimental to the image with increasing
wavelength. If there is minimal coupling across the visible range, there is minimal change
in the imaging quality.
4.6.1 Effect of higher order modes on image quality
Higher order modes are present in much of the visible range of the lab Fujikura fibre. The
cores of the lab Fujikura fibre are multi-moded. Increased coupling from the higher order
modes will reduce image contrast as can be seen in the previous USAF images. In the regions
of the USAF target that are opaque, light is often present at the fibre output and is seen in
the form of higher order modes, as shown in Fig. 4.13. This figure shows a closer look at
the first group 6 elements, and light inside the cores has spatial patterns that suggest higher
order modes. Due to the USAF elements being very opaque across the visible range, it’s
very unlikely that these modes were excited at the input and are there at the output due to
coupling.
There are qualitatively observable differences in imaging quality depending the back-
illumination conditions. The two sources compared where super-continuum and a tungsten
bulb. In addition to the different coherency of the sources, there are different NA ranges of
excitation.
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Figure 4.12: Negative USAF 1951 test target fluorescent images taken through ‘lab’ Fujikura
(FIGH-30-650S) with different excitation bands. (a) USAF target image through the green band
(420-510 nm) and (b) the red band (600-650 nm).
Figure 4.13: Zoomed in images of Group 6 first elements at 450nm (top) and 550nm (bottom)
through ‘lab’ Fujikura.
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Figure 4.14: Examples of coupling spread patterns. Examples for both acquisition wavelengths
provided – 635nm (top) and 520nm (bottom). (a)-(f) are patterns seen for different launched into
cores. [48]
To compare just the effect of the coherent and incoherent input, both sources were first
launched into a multi-mode fibre with a core size of 400 µm, and used as the illumination
source for a similar experiment to that shown in Fig. 4.8.
The appearance of higher order modes in the areas that the USAF target is opaque
increases the amount of light present in areas that should be dark. This decreases image
contrast, but not the resulting resolution. This can be confirmed in Figs. 4.12 and 4.11. This
suggests that multi-mode cores are not necessarily detrimental to imaging quality, despite
the higher range of phase-matching conditions that allow for more coupling.
4.7 Core coupling point spread function
In the previous section it was seen that increased coupling between neighbouring cores re-
duces the resolving capabilities of the imaging fibre. One method of quantitatively assessing
the affect of this is to look at the coupling spread from one core to its surrounding neigh-
bours. This method [42] looks at the spread from light put into one core, and compares the
power that spreads to its neighbours. This method is only appropriate for fibres where all
cores are equivalent in respect to coupling with neighbours, which will become a problem
for fibres discussed in later chapters.
Fig. 4.14 shows examples of coupling patterns at 635nm and 520nm found in the lab
Fujikura fibre through work done by collaborators at the University of Edinburgh [48].
These are typical coupling patterns seen in the Fujikura lab imaging fibre. The patterns can
broadly be categorised into three classes with, Fig. 4.14 (a) and (d) relative even spread
amongst neighbours, fading with distance, (b) and (e) seemingly random spread in both
location and magnitude across the neighbourhood, and (c) and (f) a combination of the
even spread implanted with random cores of high coupling.
Fig. 4.15 shows an average ratio of light in neighbouring cores to the central core. It
has an exponentially decaying behaviour, which results from the change in coupling from
increased distance, as discussed in Chapter 2. This gives a good indication of the image
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Figure 4.15: The average ratio of total light when an individual core of Fujikura fibre is illuminated
with 635nm laser and light couples into neighbouring rings of cores. Error bars represent the
maximum and minimum total light ratios across a sample of approximately 300 cores. [48]
contrast reduction from coupling. It is however slow, has random variance due to the random
structure of dissimilar cores across the fibre and is not easily investigated for numerous
different wavelengths.
4.8 Fringe characterisation
The PSF method varies with fibre structure, cannot test the whole field of view at once and is
time consuming. A truly quantitative analysis process to accurately compare imaging fibres
across a broad spectrum of wavelengths is needed to compare the performance of different
imaging fibres with different structures. When considering whether an imaging fibre is good
or not, we are asking: ‘what is the highest spatial frequency (smallest feature) that can be
resolved, and how does this diminish with increasing wavelength?’
A fringe characterisation technique was developed by H. A. C. Wood at the University
of Bath for the Proteus project. A Michelson interferometer is used to produce a series of
interference fringes of known period (based on the angle of the beams and wavelength used).
These fringes were then imaged through the imaging fibre and collected by a camera placed
in the output beam. This selects one spatial frequency to image, and it is trivial repeat
the test with a change of wavelength. Using one spatial frequency is similar to picking one
group and element in the USAF target, but it is a truly sinusoidal input and so in the
Fourier domain can be easily analysed. It provides a much more quantitative measurement
of imaging fibre performance, so that different fibres can be more easily compared across a
broader spectrum of wavelengths.
Fig. 4.16 shows results carried out by H. A. C. Wood [49]. A Fourier score for each
wavelength is determined from the ratio of the amplitudes of the fundamental component
in the power spectrum to the DC signal. This provides a relatively simple, intuitive and
fast way of comparing fibres across a broad range of wavelengths. In later chapters, we will
discuss imaging fibres with very different structures. The fringe characterisation method
allows us to reliably quantitatively compare these fibres.
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Figure 4.16: Fringe visibility determined by the Fourier method for the lab Fujikura fibre versus
wavelength. Error bars represent the standard deviation of a series of data points taken at a single
wavelength, realigning the system between each measurement. The beam angle of 2.29° was chosen
to give a fringe period of 15 µm at = 600 nm; the period at other wavelengths is indicated on
the upper x axis. The inset in (a) is a plot of each wavelength’s Fourier contrast value (y-axis)
against its corresponding binning-derived visibility value (x-axis), with a quadratic fit y = 0.9416
x2 − 0.1051 x + 0.1616. [49]
4.9 Conclusions
In this chapter we explored existing technology already used in clinics, and investigated
many of the properties of these imaging fibres. In order to gain insight in how these fibres
were fabricated, I examined their structure through micrographs, SEMs and EDX.
I found that there are two different types of fibre, with different dopant levels and core
dissimilarity. I showed how the Fujikura lab fibre images in a several imaging experiments.
I discuss the differences between the two available fibres, along with assumptions about how
this influences their functionality. We found, through different characterisation methods,
that the Fujikura fibres work very well across a broad range of visible wavelengths.
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Chapter 5
Low index contrast imaging
fibre
5.1 Introduction
In the previous chapter we looked at commercial imaging fibres made by Fujikura, and
described experiments we used to characterise them.
In this chapter we look at imaging fibres made at the University of Bath. After consider-
ing the design principles and requirements common to all the fibres, we examine each fibre
in turn. Much of the work presented here grew over two years. Each fibre presented was
intended to improve on the previous one, and as our project progressed, our characterisation
experiments and fabrication methods also developed.
Many types of fibre are discussed here. Table 10.1 in the appendix of this thesis lists
all the imaging fibres discussed. It can be consulted as a quick reference guide. Important
fibre parameters are summarized next to the named imaging fibres that are important in
this chapter.
I collaborated with H. A. C. Wood and J. Stone in fabricating many of the fibres presented
here. My main contributions to this work are imaging experiments for characterisation and
calculations for the fibre design. I used simple two core coupling calculations to determine the
core dissimilarity and separation needed in the imaging fibres. Over the course of this work,
I was also able to show that, in our case, graded-index (GI) telecommunications preforms
give better imaging results than the step-index preforms available. This work allowed us
to fabricate cheaper ‘low index’ imaging fibres. For Proteus this is a key outcome for their
clinical fibres as it allows them to be cheap enough to be disposable, rather than go through
expensive sterilisation processes. I then qualitatively assessed the imaging capability of
our fabricated imaging fibres, and have shown the contribution of higher order modes in
decreasing image contrast, but not necessarily imaging resolution.
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5.2 Imaging fibre features required by Proteus
The Proteus project requires a speciality imaging fibre, distinct from the imaging fibre
discussed in Chapter 4. Most importantly, it needs a fibre that can work across the ‘green’
band to the NIR wavelengths that can fit within the small pathways of the lower distal lung.
Lung tissue auto-fluorescences when excited with 488 nm light, because of the large presence
of elastin and collagen [50]. It auto-fluorescences predominantly around 520 nm [50]. Clearly,
better imaging in the green band would be useful for clinicians. For example, normal and
abnormal elastin in the lungs appear different through imaging fibres, and can indicate
problems like cancer [50, 51]. Imaging fibres that have better resolution in this ‘green’
band could provide more distinctive information on these differences. Furthermore, many
chemical tags for bacteria also fluoresce around similar wavelengths. Currently, green tags
on green tissue is detected by trained clinicians as an increase in ‘glittering’ structures [52].
This is useful and effective, but subjective and has room for improvement [52]. One of the
ways the Proteus project seeks to improve this detection is by creating bacteria tags that will
fluoresce in the near-infrared (NIR) wavelengths, instead of the green band. Clinicians could
then better detect tagged bacteria because the NIR tagged objects would be unmistakably
distinct from the green fluorescence of the lung tissue. Therefore, an imaging fibre with a
broad working wavelength range from the green band to the NIR would be beneficial.
Current technology for distal lung inspection in intensive care units (ICU), in the case
of Cellvizio from Mauna Kea Technologies, is designed such that each imaging fibre can
only be used 20 times. Between each use of this system, costly sterilisation procedures
are needed [53]. If the Proteus project could provide a cheap imaging fibre, this would
have significant benefit in reducing costs. This would allow it to be disposable, therefore
completely eliminating the overhead of sterilisation between uses [53]. Clinical work flow
would also be improved by removing the need for in between sterilisation [31].
Lastly, to explore the lower bronchioles of the distal lung, the Proteus imaging fibre
needs to have a small diameter. Additionally, in contrast to how the Fujikura fibre is used
in the Mauna Kea system, the Proteus probe will have more functionality than just imaging.
Chapter 1 discussed how the probe will have additional fibres alongside the imaging fibre.
Therefore, our imaging fibre needs to be small enough to fit next to at least two other fibres.
The total cross sectional diameter of the probe, fibres and packaging, cannot be bigger than
1.4 mm in order to fit within the bronchial branches.
5.3 Common design features
Designs of coherent imaging fibres can differ, but they will have many underlying features
that are common to all. In Chapter 4 I thoroughly investigated the properties of two Fujikura
imaging fibres. Similar to these fibres, our fibres will be highly multi-core fibres made from
doped fused silica. The individual radius of the several thousand cores will be of similar
order of diameter (several µm), with slight differences from one core to its neighbours.
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Figure 5.1: Schematic of the size of resolvable features an imaging fibre can achieve with increasing
core separation. The blue dashed line shows the relationship from core sampling the features, which
scales linearly. The red dashed line shows the relationship of core separation to resolvable features
considering coupling between cores. The optimum is labelled as the minimum between them both.
The resolution of imaging fibres depends on core spacing and is a trade-off between sam-
pling and coupling. Fig. 5.1 illustrates this concept. Two core coupling and the significance
of the F 2 parameter was discussed in detail in Chapter 2. The beat length, Lc, describes
the length of propagation light must travel before fully transferring from one core to another
and increased by increasing core separation and index contrast (by affecting the coupling
coefficient C). The maximum amount of power transfer, described by F 2, can be reduced by
increasing core dissimilarity (∆β). This effect is shown as the red line in Fig. 5.1. The core
diameters have been fixed in this example, so smaller feature sizes are resolvable because
C decays exponentially, further decreasing F 2. The optimum core separation is balanced
against how the separation allows for sampling of these small features (blue line in Fig. 5.1).
5.4 Early Bath imaging fibres
Early imaging fibres made by Bath have hexagonal arrays, with three different core types.
The deterministic arrangement of the core diameters and placements, inspired by the PCF
stack and draw method discussed in Chapter 3, is a fundamental difference to how Fujikura
fibres are presumed to be fabricated. From the structure of the cores seen in the Fujikura
micrographs in Chapter 4, we assume doped cores that are jacketed with cladding material
are randomly packed together in a larger tube also made of the same cladding material.
The first fibres made at Bath were made to test the limits and capabilities of our fabri-
cation process. The parameters were not designed to work well optically. Important MCF
parameters such as core separation were chosen for ease of fabrication rather than with any
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Figure 5.2: The first heterogeneous neighbour bundle fabricated at Bath as part of the Proteus
project. (a) A scanning electron microscope (SEM) image of the cross-sectional area of an early
imaging fibre with hexagonally packed cores, (b) an example of the fibre imaging onion cells using
a back illuminated light filtered through a bandpass filter for 450 ± 10 nm transmission.
optical considerations in mind.
We used GI preforms that are made for telecommunications. They are widely manufac-
tured, easy to get hold of, and are cheap in comparison to speciality preforms. One of the
fibres that will be discussed and compared in this thesis is an early prototype by J. Stone,
shown in figure 5.2. This fibre will be called Bath-5-370, in a similar manner as Fujikura
label their imaging fibres (Company-core number-outer diameter). The preform used was
Ge-doped, with a parabolic profile, and a central maximum refractive index contrast that
equates to an NA of 0.3. It was drawn into three different sized canes. These three different
canes were stacked into a hexagonal lattice, so that every core had two different neighbour
types as shown in Fig. 5.3. All cores were designed so they would have a V-number that
would be above 1 in the visible wavelength range, to ensure they are good wave-guides in
this desired working wavelength range, but other parameters were chosen for fabrication
convenience.
The resulting fibre had a small cross-section and field of view, as it was only a test of
the fabrication capabilities. However, images of onion cells showed that the fibre had good
potential to image, as shown in figure 5.2. The rigid cell walls of the onion cells and the dyed
nucleus can very clearly be seen, with comparable quality to the performance capabilities of
FIGH-30-650S in Chapter 4.
The next step was to scale up the fabrication process for this fibre to create an imaging
fibre with a similar structure, but a larger field of view. The basic idea behind the 5,000 fibre
was scaled up to an imaging fibre of 50,000 cores, by H. A. C. Wood and myself. Similarly
to Bath-5-370, the core diameters were intuitively chosen to be sizes that would be single
mode in much of the ‘green’ wavelength band, and an intuitive guess was made for core
separations based on studying separations in other imaging fibres from Chapter 4.
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Figure 5.3: Neighbour dissimilarity in hexagonal stack. Left: schematic of different core to
cladding ratios, stacked together as the same outer diameter in the preform. Right: result when
drawn to fibre.
Figure 5.4: First two stages of stacking a hexagonally stacked MCF preform. On the left is the
schematic that shows how the canes are stacked to form a hexagonal preform. The images on the
right are micrographs of those preforms drawn to canes.
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Figure 5.5: A scanning electron microscope (SEM) image of the cross-sectional area of an early
imaging fibre with hexagonally packed cores. The SEM image shows a fibre with roughly 50,000
cores that have been hexagonally packed, with three different core diameter types. Inset: closer
SEM image to show the structure of the cores.
Fabrication of a 50,000 core imaging fibre involved several stages of drawing preforms to
canes, stacking these canes and drawing them again. The first of these stages of drawing
are shown in Fig. 5.4, where the general idea of multiple stacking stages are illustrated.
Restacking canes into a hexagonal stack can be repeated until the desired core number for
the final fibre is reached. The GI preform used had a core diameter to cladding diameter
ratio of 16.8/23, and a maximum refractive index contrast equating to an NA of 0.3. To
create the three different core types, the preform was drawn into canes of 1 m lengths and
different diameters of 2.5 mm and 6 mm. The larger canes were then jacketed into two
different pure silica jackets of inner diameter (ID) to outer diameter (OD) ratios of 6/10
and 6/7.5. The jacketed canes were then drawn to an outer diameter of 2.5 mm with low
pressure applied to the structure to ensure the space between the cane and jacket would
collapse and have no bubbles. The outcome of this process is that we had three groups of
canes, where all canes had the same outer diameter, but had different inner core diameters.
All 61 canes, with three different types of core to cladding ratios, were stacked into
a centred hexagonal structure. The structure was stacked such that there were no two
neighbouring canes that had the same ID/OD ratio. The structure was then held together
and drawn into canes on the tower. In total, 37 canes of 1 m length were made. The process
was repeated so that these 37 canes were stacked and drawn to 19 canes. These 19 canes
were then hexagonally stacked and placed into a silica jacket of ID/OD ratio 23.2/25 mm,
along with silica packers to fill in the gaps around the outer perimeter.
The final imaging fibre is very large in diameter compared to the previous attempt. The
largest diameter we drew the fibre to was 1 mm in size, so was well outside the ‘normal’ range
of parameters for the fibre tower (OD < 500 µm). For this reason, there were some issues
with the fabrication of this first batch of imaging fibre. First, the fibre could not bend well
around the capstan wheels, so no tension could be read. The capstan wheel was changed in
66
Figure 5.6: Back illumination onion skin layer imaged with three fibre samples through a bandpass
filter of 450 nm. Clockwise from top left: (a) The Bath-50k-1000 at 450nm, (b) FIGH-30-650S,
(c)Bath-5-370.
later draws so that tension could be measured for fibres too large to go around tight bends.
The coating on the fibre was also not centralised, causing the fibre to break easily in places.
This was further investigated by myself and J. Stone, and we found that at the slower draw
rate and sizes we were drawing the fibre, the temperature of the coating bath and viscosity
of the coating became more important [54]. In later draws, coating concentricity was fixed
by lower the temperature of the coating bath.
The resulting fibre is shown in Fig. 5.5. It is labelled Bath-50k-1000. This fibre showed
that the fabrication process could be scaled up to much larger core numbers. We fixed
fabrication problems in drawing imaging fibres with the multi-stack method, as well as
drawing imaging fibres at large diameters.
In general, the imaging performance of these fibres was suficient to image in the visible
range (from 400 to 650 nm) with good enough clarity to discern onion cell structures (the
same shown in Fig. 4.7). Using a similar method as discussed in Chapter 4, onion cells
were back illuminated with a supercontinuum source. The imaging fibre was pressed against
the cells on a glass slide. Images of the output of the imaging fibres were taken using a
x40 microscope objective and a monochrome camera. Bandpass filters with a full width
half maximum of 10 µm and peaks at different wavelengths were placed before the lens and
camera in order to assess the imaging capabilities. The results from the different fibres
discussed here are shown in Fig. 5.6. These images show comparable results between three
different imaging fibres when using onion cells. In much of the visible range, the imaging
capabilities of the fibre are very good. The resolution is comparable to FIGH-30-650S from
450-650 nm. For wavelengths longer than 650 nm, the coupling between neighbours degrades
the imaging quality and the cell structures can no longer be seen clearly.
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Lung clinicians expressed a preference to work with imaging fibres that have no distal
optics and so work at zero working distance (ZWD) [31]. For a final comparison between
these imaging fibres, I tested the reduction in imaging quality with increasing distance
between the onion cells sample and the fibre. Figure 5.7 shows back illuminated cells imaged
by the three different fibres, with increasing separation between the sample and the fibre
endface. Aveoli sacks are around 250 µm in diameter, so I introduced a maximum distance
of 300 µm to be of a similar order. It can be seen that image quality reduces sharply with
distance. Features such as the cell wall and nucleus fade in clarity with increasing distance.
However, they can still be recognised at 250 µm. Our fibres behave similarly to Fujikura
fibres in this respect.
5.5 Step-index fibres
In the previous section, we used preforms with a GI core. It is intuitively obvious that cores
with step-index (SI) profiles will couple less than cores with graded-index (GI) profiles, for
a given peak index and core separation, because each SI core contains more high-index
material (towards the edge of the core) and so it supports a mode of higher effective index.
In SI cores, the fundamental mode should have more confinement than a GI core, and so
less evanescent field is in the cladding. The next step in developing an imaging fibre for
Proteus was to take the fabrication processes developed for the earlier imaging fibres, and
use high contrast step-index material instead of the graded-index material. The imaging
fibres from this point are ‘design-lead’ with optical performance in mind, compared to the
previous fibres that were made for proof of fabrication concepts.
We used simple simulations of two core couplers as a guide for the parameters of this
fibre. We made the fibre to support only the fundamental mode above wavelengths of 520
nm. This was important in our design as we assumed, given that the fundamental mode
is the most well confined mode, this would be the best way to design the imaging fibre to
minimize coupling. Additionally, considering only the fundamental mode makes the overall
problem much less complex. Finally, cores that are larger in diameter, also give a lower
number of cores in a given area, which lowers the pixel number of the imaging fibre. These
simulations suggested that as long as the V-number of the smallest core was above 1.5, and
the largest core was at cut-off, in order to reduce the F 2 parameter from equation 2.15, the
ideal diameter of the intermediate core is half way in diameter between the two extremes. In
order to keep F 2 under 3% in these simulations, the centre to centre core separation should
be 2.2-2.3 times the minimum core diameter.
The first imaging fibre made for Proteus using step-index material was called ‘Bath-12-
570’ and part of its structure is shown in Fig. 5.8. There are roughly 12,000 cores, and the
core diameters are 1.3, 1.5 and 1.8 µm with core separations of 3.5 µm. This core separation
is very similar to those in the early imaging fibres shown previously, but the smallest cores
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Figure 5.7: Images through backilluminated imaging fibres and onion cells on microscope slide.
A microscope slide with onion skin cells is moved away from the input end of the fibre imaging
sample, increasing the distance, z between them. A bandpass filter with a central peak at 450 nm
has been used as this is assumed to be a wavelength where all three fibres have low coupling.
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Figure 5.8: An SEM of section of Bath-12-570 (SI MCF).
Figure 5.9: Copper meshes of roughly 40 µm element widths are back-illuminated and imaged
with two different imaging fibres at different wavelengths. (Top) Fujikura images a copper mesh at
500 nm (left) and 600 nm (right). (Bottom) Bath-12-570 images a copper mesh at 500 nm (left)
and 600 nm (right).
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Figure 5.10: Back-illuminated, zero-working distance images of onion cells through Bath-12-570,
at different wavelengths.
We tested the imaging performance of Bath-12-570 using a copper mesh, instead of onion
cells. The experimental set-up is identical to that described in the previous section, except
the onion cells on a glass slide are replaced by a thin copper mesh on a glass slide. The
mesh has lines that are 40 µm in width. When back illuminated it provides very large, solid
shapes and edges that are either completely transparent or opaque to the light transmitted
to the fibre. This very simple shape shows very clearly how well the imaging system can
resolve straight edges.
Fig. 5.9 compares the imaging capabilities of Bath-12-570 and FIGH-30-650S. It is very
apparent that Bath-12-570 quickly degrades with increasing wavelength, and overall provides
a poor image when compared to FIGH-30-650S.
Furthermore, for more complex shapes, like onion cells, the results are even more in-
distinct. Fig. 5.10 shows a sample of some of the images obtained using back-illuminated
onion cells, using a similar experimental set-up as that used for Fig. 5.6. It is immedi-
ately apparent that this fibre is neither as good as FIGH-30-650S nor our earlier attempts
using cheaper, telecoms preforms. At wavelengths above 650 nm, the imaging capabilities
fail completely. Clearly, there is too much nearest neighbour coupling in this fibre, despite
careful consideration in order to reduce it. This was a disappointment, but also provided an
opportunity to return to using cheaper preforms.
5.6 Designed graded-index fibres
In practice, it became apparent that given the preforms available to us, GI with a higher
maximum NA, is better than SI with a reduced NA. At first, this was an unexpected result,
but can be easily understood in retrospect by comparing the magnitudes of the refractive
index contrasts between the GI and SI preforms. We found that higher core densities and/or
lower crosstalk in multi-core fibres can sometimes be achieved in practice with GI profiles.
5.6.1 Graded-Index vs Step-Index preforms
A SI preform with an NA (0.4), similar to Fujikura fibres in Chapter 4, was not straight-
forward to acquire economically [55]. At the time, with the given core to cladding ratios
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Figure 5.11: (left) Coupling coefficient C versus core diameter d for graded (GI) and step (SI)
index profiles and the parameters given in the text. The greatest d in each curve is at its second-
mode cutoff. (right) Schematic diagrams of the index profiles and core geometry.
required, we could not purchase a preform with a similarly high NA. Fibre preforms with
large index contrasts and core sizes can shatter under stress during manufacture, due to the
different thermal and mechanical properties of the core and cladding glasses [56]. The prob-
lem is more severe for SI preforms than GI preforms because the stresses are concentrated at
one sharp interface within the fibre, rather than being distributed over a volume [56]. The
SI preform we were able to purchase had an NA of 0.24 ± 0.02. In this discussion, we will
be describing the refractive index contrast in terms of numerical aperture, such that NA =√
n2peak − n2clad. For a preform with a Ge-doped silica core of 21 mm diameter in an undoped
silica cladding of 30 mm diameter, the maximum numerical aperture, a manufacturer can
produce without special precautions is NASI = 0.20 for an SI profile, compared with NAGI
= 0.34 for a parabolic GI profile [56].
Framing the problem as a simple directional coupler, as in Chapter 2, we can compare
pairs of identical single-mode cores in one common cladding. This analysis will consider
the coupling coefficient, C, which describes mathematically an overlap integral between
the modes of the core. It determines the crosstalk between the cores, both directly from
the aforementioned sinusoidal dependences and also indirectly via the effect of core size
differences on the coupling. For SI cores there exists a reasonably simple formula for C [17],
but this is not the case for GI profiles. I therefore used a finite element method (COMSOL)
to calculate the effective indices of the lowest-order even and odd modes of a pair of cores,
and determined C from C = k0(neven − nodd)/2. The results for SI cores could be checked
against the formula [17].
We fixed the core separation to be 4 µm and wavelength to 600 nm. We assumed that
SI and GI preforms with NASI = 0.22 and NAGI = 0.30 respectively were available, which
are more similar than the NA values discussed above, understating the true benefit in using
GI preforms instead of SI in our case. We chose these values in order to roughly equate the
integrals of the profile functions for a given diameter (i.e., the profile volumes). We assumed
that the GI profile was parabolic. Compared to real preforms, this is an approximation of
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the shape of the doped area within the preform. A fibre designer remains free to choose the
core diameters d in each case to minimise C, provided the cores remain single-mode. Recall
from equation 2.15 that minimizing C reduces the parameter F 2, which describes how much
light can be transferred from one core to another. C is plotted as a function of d for each
index profile in Fig. 5.11. The minimum value for the SI profile is 3.8x greater than that for
the GI profile, showing that the GI profile achieves much less crosstalk than the SI profile.
We repeated the calculation for smaller values of NAGI , and found that any graded-index
NA of 0.25 or more would give a smaller C than a step-index NA of 0.22.
The results are qualitatively similar for other choices of separation and wavelength,
though the practical constraints on NASI are less severe for larger separation because a
preform with a smaller core could be used to make the fibre. Repeating the calculations for
matching NASI = NAGI = 0.30 leads to the expected result, free of practical constraints,
that the SI profile is superior in reducing C. However, if our assumed difference in avaliable
NA’s is maintained then our result also holds for MCFs with the wider core separations
being proposed for SDM in telecoms. For example, for Λ = 31 µm and λ = 1310 nm [57],
C is 1300x greater for the SI case than the GI case; for the SI value of C the GI core
separation could be decreased to less than 24 µm, corresponding to 1.7x as many cores per
unit cross-sectional area. (In this case the finite element calculation failed so we calculated
the overlap integral for C directly.)
In summary, for single-mode multi-core fibres, graded-index profiles can suppress crosstalk
better than step-index profiles when the available index contrast is practically constrained.
In these cases, the use of graded-index profiles would allow reduced crosstalk for a given
core packing density, or a greater packing density for a given permitted crosstalk. All of the
following imaging fibres in this chapter therefore use telecoms GI preforms.
5.6.2 Designed GI hexagonal array MCFs
Imaging fibres discussed in this chapter have been published as B1 and B2 in [49], but will be
labelled as Bath-12-525 and Bath-12-470 here. These are low index MCFs that were drawn
from the same original preform and so have identical structures but different scales, with
outer diameters of 525 µm and 470 µm respectively. It was fabricated in a similar way to the
previous fibres already discussed. An SEM image of Bath-12-525 is shown in Fig. 5.12. The
structure of Bath-12-525 and Bath-12-470 was designed to minimize core crosstalk at visible
wavelengths below 650 nm. I supported H. A. C. Wood and J. Stone in the fabrication of
these fibres.
Bath-12-525 has core diameters of 2.78 µm, 2.45 µm, and 2.12 µm with a centre to centre
separation of 3.71 µm. This range of core diameters was chosen as a compromise between
pixel density and crosstalk. There were 12,247 cores in total in the final fibre.
In Fig. 5.13, using image processing methods of SEM images, I compare the core diameter
variation in oBath-12-525 to FIGH-30-650S. The method used is identical to that used in
Chapter 4. This figure is intended to give a rough idea of the distribution, assuming we
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Figure 5.12: SEM images of the end face of fibers (a) Bath-12-525 and (b) FIGH-30-650s, with
insets showing magnified images of the fibers’ core patterns. [49]
know the core diameters from fabrication parameters. This is because the method used
to assess the FIGH-30-650S cores is not directly applicable to fibres with GI cores. The
threshold of the SEM images will have a big contribution to the absolute diameter found in
our fibres. The count is not entirely accurate, as it can be seen that in the hexagonal lattice
the three core types have an unequal contribution of number of elements, despite the known
fabricated stack not being made this way. This is an error in the counted objects, where the
counting of some larger cores on the boundaries of the stacks have been counted as smaller
in size due to their distortion, and dirt or air bubbles have been counted as cores. However,
it demonstrates the range of core diameters in our fibre is wider than FIGH-30-650S, but it
has more cores diameters that are clustered around three values.
5.6.3 Imaging performance
Images of the USAF targets were taken using similar experiments as those described in
Chapter 4. The USAF targets on glass slides are back illuminated by a supercontinuum
source that has been collimated. Bandpass filters can be put in the path of the supercon-
tinuum light, before the USAF target, in order to filter wavelengths. The imaging fibre is
pressed against the USAF target slide. The output of the is imaged through a lens to a
monochrome CCD camera.
The USAF target images are compared to FIGH-30-650S fibre from Chapter 4. Our
hexagonal fibres compare very favourably for short wavelengths, as can be seen in Fig. 5.14
(a) and (c). In Fig. 5.14 the group 6 elements are shown, which are the second smallest
group of elements available on our target. At this scale, there are several cores per line for all
elements. For 550 nm wavelengths and below, all elements in this group can be seen clearly.
However, for longer wavelengths of 650 nm, our imaging fibre is worse and the elements
begin to appear distorted, as seen in Fig. 5.14 (b) and (d). Fujikura has an overall flat
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Figure 5.13: Dissimilarity between ‘lab’ Fujikura (blue) and hexagonal imaging fibre B1 (orange).
Based on a SEM image of the same magnification between both fibres. Sample size is over 600 cores
for both.
Figure 5.14: Images of ‘group 6’ elements of a US Air Force test target taken using the FIGH-30-
650s (a) and (b) and Bath-12-525 (c) and (d) at zero working distance, illuminated in transmission
by 550 nm (a) and (c) and 650 nm (b) and (d) light. The lines of element 2 have a width of 7.81
µm. [49]
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Figure 5.15: Images of ‘group 7’ elements of a US Air Force test target taken using the FIGH-30-
650s (a) and (b) and Bath-12-525 (c) and (d) at zero working distance, illuminated in transmission
by 550 nm (a) and (c) and 650 nm (b) and (d) light. The lines of the smallest elements have a
linewidth of 2.19 µm. [49]
performance, but our imaging fibre can perform well given the large difference in refractive
index contrast.
In Fig. 5.15, the elements of group 7 are imaged. These are the smallest group of
elements available on our USAF target. These elements are therefore more susceptible to
distortions through the fibre, due to core array shape and coupling. Although the distinct
imaging capabilities of the two fibres is more pronounced when the elements are of the order
of core diameter and separation in size, it is hard to satisfactorily define which is better for
the wavelengths where there is little coupling. Furthermore, the orientation of the hexagonal
lattice of the cores affects how the small fringe elements can be resolved. This can be seen
in the elements of group 7 in Fig. 5.15, group 2, in that one orientation is resolved, but the
other orthogonal element is not. In Fig. 5.15 (a) and (b), both fibres can image the same
element sizes, with the absolute lowest elements that can be resolved are of group 7, element
3 (the third row from the top in the image). In this case, although their imaging capabilities
are very similar, there are clearly some differences, for example for image contrast it appears
that our fibre has less light in nearest neighbour cores that should be dark. In order to make
a complete comparison, the quantitative method of fringe characterisation is needed.
5.6.4 Fringe characterisation
The fringe characterisation was done by H.A.C Wood [49]. The method was previously
described in Chapter 4. Interference fringes at different wavelengths are imaged at the input
of an imaging fibre, and through a lens, the near field of the imaging fibre is captured on a
monochrome CCD camera. The fourier contrast of the fringes is then analysed by looking
at the 2D fourier transform of the image captured by the camera. In general all hexagonal
imaging fibres, excluding Bath-12-570, exhibited similar behaviour [49].
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Figure 5.16: Fourier contrast data using transmitted intereference fringes imaged through the
fibres, obtained using a beam angle of θ= 2.75 ◦,. The fringes have a period of 12.5 µm at λ= 600
nm. Bath-12-525 and Bath-12-470 are different scales of the fibres shown in Fig. 5.12 (a). [49]
The fibres Bath-12-525 and Bath-12-470 were drawn from the same preform and so
have identical structures but with different scales. When analysing how well they image
intereference fringes, their behaviour will therefore be very similar, but shifted along the
wavelength axis. An SEM image of Bath-12-525 is shown in Fig. 5.12.
Fig. 5.16 shows the results for analysing the interference fringes through different imaging
fibres. It shows that the low-index contrast imaging fibres work better than FIGH-30-650S
in the green band (500-580 nm), which is the main band of interest for the Proteus project.
This is because the core diameters and separations of these fibres are smaller, so have an
advantage in imaging these smaller elements. However, the Fourier score of FIGH-30-650S
does not decrease very quickly with increasing wavelength from 500 nm to 700 nm. It has a
broader range of wavelengths where there is little change in fourier score, when compared to
our fibres. This is likely due to its higher refractive index contrast, as discussed in Chapter
4. However, in the lower wavelength bands where there is expected to be less coupling, our
fibres are much better in imaging thinner fringes.
5.7 Square array fibres
The hexagonally stacked fibres work very well, but the fabrication process is slowed down
by the need to jacket the preforms to create three separate core types. This increases
fabrication costs, making the fibre more expensive. This is detrimental when building a
fibre that should be disposable. In order to simplify and speed up the process, the preforms
can be drawn to different sizes and stacked into a square array. With this method, there
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Figure 5.17: Fabrication stages of our square array imaging fibre. A representation of our initial
stack is shown in (a), where grey indicates germanium-doped core regions and white indicates the
pure silica cladding regions. The second stacking stage of our process is shown in (b). An SEM
image of the fibre can be seen in (c), where doped cores appear lighter. [55]
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is no need to jacket the canes so that they stack with identical diameters to create a neat
stack. An example of a square stack is shown in Fig. 5.17. This fibre can still be repeatedly
stacked and drawn to canes, like the repeated stack and draw for the hexagonal imaging
fibre. Furthermore, the stacked elements being squares allows for a choice in the number
of dissimilar elements in each stack. For example, a 5x5 stack can have 5 dissimilar cores,
as also shown in Fig. 5.17. This increases core variation across the imaging fibre, which
could help with the imaging capabilities as nearest neighbours of the same core diameter
are further separated than in the hexagonal array imaging fibres previously discussed. This
process cuts down the fabrication time and introduces more choices in the core variation
introduced to the imaging fibre.
This fabrication process was developed by J. Stone.
5.7.1 Designed low index multi-core fibre
The square lattice fibre discussed here used a 5x5 array for the beginning stack. The fibre
discussed here is labelled Bath-8.1-550SQ, with an extra ’SQ’ at the end to indicate the
cores are arranged differently from all previously discussed fibres. A telecoms GI preforms
is drawn to five different rod sizes (2.23 mm, 2.52 mm, 2.74 mm, 2.95 mm, and 3.17 mm).
These were then stacked in a square stacking jig such that each size only appears in each
row or column once, forming the square unit shown in Fig. 5.17 (a). The ends of the stack
were fused together using a hydrogen torch and PTFE tape was wrapped around the length
at several points in order to hold the stack in place. The stack was fed into the furnace and
drawn down to 2.5 mm sided squares. The PTFE tape was unwound before it reached the
furnace. These unit squares can then be stacked again, exactly the same as the previous
fabrication method for the hexagonal stacks. For the square fibre discussed here, they were
stacked in a 6x6 array, as shown in Fig. 5.17 (b). This stack was drawn to 4.5 mm sided
square canes and restacked in a 3x3 array. The final stack was placed into a silica jacket
tube with packing rods around the outside, in order to fill the empty space. These preforms
were drawn to canes under a vacuum to remove the interstitial gaps. Finally, the canes were
drawn to fibre, as shown in Fig. 5.17(c).
The core diameters in the fibre were between 2 - 3 µm with 3 - 4 µm center-to-center
separations depending on the particular pairs of core sizes. There were 8100 cores in total
in the final fibre. The outer diameter of the fibre was 550 µm with an imaging square size
of 450 µm along the diagonal. All of the cores in this fibres are few-moded. From previous
discussions on the presence of higher order modes, in Chapter 4, it can be seen that higher
order modes diminish image contrast but not necessarily resolution.
The introduction of more dissimilar core types could have benefits in the imaging capa-
bilities of the fibre by reducing coupling and increasing core packing. There is less cladding
around the cores, as no additional jackets are introduced in the fabrication process, which
also speeds up fabrication times. Fig. 5.18 shows an example of coupling spread in an imag-
ing fibre with a hexagonal lattice. For well confined light, that coupled into the larger core,
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Figure 5.18: Coupling at 600 nm for a hexagonal fibre (Bath-50-1000). Coupling into the largest
core (left) and coupling into the smallest core (right). Images courtesy of H. Parker from the Proteus
collaboration.
there is little nearest neighbour coupling. However, because of favourable phase matching
conditions, the next nearest neighbour, or the closest neighbour that is of the same core
diameter, has a lot of light coupled into it. For smaller cores at the same wavelength, where
more of the evanescent field perturbs the cladding, there is a more general spread of light
into all neighbours, similar to FIGH-30-650S.
The increased core variation in the square fibre has the benefit of being more broad in core
diameters, but also fewer cores similar to each other, like FIGH-30-650S. It therefore has the
wanted benefits from both the hexagonal array fibres as well as the randomly arranged cores
of FIGH-30-650S. The broader range of core diameters are effective in reducing not only
nearest neighbour coupling, but next nearest neighbour coupling too, producing coupling
spreads that are similar to the coupling spread observed in FIGH-30-650S, as seen in Chapter
4. Fig. 5.19 compares the core diameters found in SEM images of similar magnification
between FIGH-30-650S and Bath-8.1-550SQ. It is clear that the square imaging fibre has
far more variation in its core diameters than FIGH-30-650S, and unlike the hexagonal fibre,
it has less cores clustered particular core diameters. This suggests Bath-8.1-550SQ is likely
to work well compared to FIGH-30-650S and the hexagonal fibre, because it has cores with
fixed dissimilar neighbours, but with increased separation between identical core types.
5.7.2 Imaging performance
First the fibre was tested in an imaging system that used fluorescent dye to back illuminate
the USAF targets, to reflect how the Proteus project intends to use the fibres. In this
experiment, there are two wavelength bands of interest that are used to back illuminated
the USAF target, by using two different slides with fluorescent dye. One slide provides
the ‘green’ band between 520 - 600 nm and another gives the ‘red’ band between 650-750
nm. A supercontinuum source filtered to two excitation bands (420 - 510 nm to excite the
green band and 600 - 650 nm to excite the red band) was used as the light source in this
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Figure 5.19: Core sizes found from SEM images of the same magnification between FIGH-30-650S
(blue) and Bath-8.1-550SQ (orange).
experiment. The filtered excitation light passed through a dichroic filter, used as a beam
splitter, and was coupled into our fibres through an aspheric lens with an NA of 0.5. The
USAF 1951 targets were imaged at zero working distance from the distal end of the fibre
with either a green or red fluorescent slide placed behind them. Light emerging back out
of the proximal end of the fibre was imaged onto a monochrome CCD camera after passing
through the dichroic beam splitter and a second collection filter with two wavelength bands,
for the green and red band. Images of the test targets taken at our two wavelength bands
as compared to Fujikura can be seen in Fig. 5.20.
Fig 5.20 shows that the square array fibre compares far more favourably to the per-
formance of FIGH-30-650S than the hexagonal array fibres. In particular, it is better at
imaging the group 7 elements, when compared to the hexagonal array fibres and can resolve
down to element 3 at the 650 - 750 nm band. There appear to be some orientation depen-
dent limitations in imaging the smaller elements of group 7 in both our fibres, because of
the influence of the lattice.
5.7.3 Fringe characterisation
Fringe characterisation was used to assess Bath-8.1-550SQ with the same methods as pre-
viously discussed here and in Chapter 4. Fig. 5.21 compares three fibres: FIGH-30-650S,
Bath-12k-525, and the Bath-8.1-550SQ. It shows that the square fibre, Bath-8.1-550SQ,
benefits in both being better in the lower wavelength range, but also being flatter in perfor-
mance so that it works better in the longer wavelengths. Whilst the hexagonal fibre gives
better visibility up to 560 nm, the square fibre does better overall so is preferable for broad
wavelength operation.
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Figure 5.20: USAF 1951 test target fluorescent images taken through our two fibres and a com-
mercial fibre from Fujikura Ltd. (FIGH-30-650s). (a) Hexagonal array (Bath-12k-525) 520 - 600
nm, (b) hexagonal array (Bath-12k-525) 650 - 750 nm, (c) square array (Bath-8.1-550SQ) 520 -
600 nm, (d) square array (Bath-8.1-550SQ) 650 - 750 nm, (e) FIGH-30-650S 520 - 600 nm, (f)
FIGH-30-650s 650 - 750 nm. [55]
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Figure 5.21: Fringe visibility measurements varying with wavelength for our hexagonal array fibre,
Bath-12k-525 (red triangles), square array fibre, Bath-8.1-550SQ (blue circles), and FIGH-30-650S
(black crosses). The visibility is measured after transmission through approximately 90 cm of fiber
in each case. Error bars represent the standard deviation of a series of data points taken at a single
wavelength, adjusting and then realigning the system between each measurement. [55]
At first it may seem that a fibre with only single-mode cores would perform better, as light
is most confined in the fundamental mode. However, we have found that the compromise of
lowering the NA to achieve single-mode guidance is far more detrimental to the core-to-core
coupling than any gain from fundamental-mode-only operation. Furthermore, allowing for
few-mode cores allows for more dissimilarity, and better wave-guiding properties into longer
wavelengths, which will be seen in the next sections.
5.8 Future work
5.8.1 Core diameter variation for imaging fibre design
This body of work is mostly concerned with analysing different designs of fabricated imaging
fibres, where there is a limitation imposed on the achievable refractive index contrast, and
comparing how well they can resolve elements on a USAF target. However, I think there
is still space to explore how much core variation is needed in an imaging fibre in order to
refine the design for the a specified optical performance. Chapter 2 explored the effect on
coupling for cores with dissimilar diameters in directional couplers that were single-mode.
Requiring that the fibre is single-mode across the operating wavelength range fixes the
range of core diameters. Furthermore, our results show that the imaging capabilities are
marginally improved if the cores are multi-mode. For a given refractive index contrast and
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Figure 5.22: Schematic of a 4f -focusing system. U0(x, y) is an plane of the original image, U1(u, v)
is a where a mask could be placed, for example an aperture for low frequency filtering, and U2(x′, y′)
is the image plane for the projected filtered image. The spatial frequencies of an image, at U0(x, y),
can be filtered by an apeture stop at U1(u, v), so that a filtered image is seen at the image plane of
U2(x
′, y′). [58]
wavelength range, it would be useful to be able to define a needed core dissimilarity for
highest achievable resolution.
5.8.2 Higher order modes and core diameter limitations
In the early stages of this work, higher order modes were assumed to be detrimental and
were avoided. The fundamental mode is the most tightly confined mode, and so higher order
modes were expected to cause more coupling. Core diameters were fixed so that second mode
cut off was within the visible wavelength range, which limited the range of dissimilarity that
could be explored. However, as can be seen in Fig 5.20, the higher order modes do couple
into regions that should otherwise be dark, but do not necessarily affect the smallest line
pairs that can be seen. The light from higher order modes in neighbouring cores are distinct
in their structure, and could be easily filtered out by a simple Fourier mask or lens with
lower NA. This would reduce fringe contrast, but not ability to resolve those features. This
would require more investigation through new experiments.
An experimental set-up consisting of a 4f telescope [58], as shown in Fig. 5.22, would
be able to test this. This system is spatial frequency filter of the image at plane U0(x, y) to
U2(x
′, y′). The set up would no longer be zero working distance, instead the fibre endface
would be at U2(x, y). If an aperture is placed at U1(x, y), the higher order modes, that have a
higher spatial frequency than the fundamental mode, could be filtered out. The throughput
of the fibre would be reduced, but this is not usually a problem in our imaging systems. The
spatial frequencies of the higher order modes are much smaller than the elements present on
the USAF target, so could be tested without artificially reducing the visibility of elements
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Figure 5.23: Micrograph of a optical mask made to approximate white noise within the limitations
of the lithography equipment in Bath. Squares of 2 µm are randomly generated in a 40 µm square.
These 40 µm squares are then repeated at different orientations.
on the launched test target.
5.8.3 Spatial frequency filter for characterisation
A common technique for measuring resolution in an imaging system is to use white noise or
a random mask [59]. This characterises the range of spatial frequencies the imaging system
is able to resolve. In our method for assessing imaging quality using fringe characterisation,
we pick one spatial frequency and investigate the visibility from the Fourier transform.
Using a random mask, we can launch a broad range of spatial frequencies. When all spatial
frequencies are present with equal intensities, this is known as white noise. Our mask should
be a static representation of a white noise image. We investigate which spatial frequencies
are cut-off in the 2D Fourier transform of the output image because the imaging fibres is
unable to transmit them. For a perfect fibre with no coupling, this cut-off would depend
purely on the sampling frequency of the cores [18].
This is already a known method to characterise optical systems [60]. However, to my
knowledge, this method hasn’t been reported as a method for assessing imaging fibres. It
could potentially give more information about the smallest spatial frequency that could
be imaged with increasing wavelength, instead of how a spatial frequency degrades with
increasing wavelength. Instead of using an optical mask with a USAF target, the same
experiment is repeated with a random noise mask. The Fourier transform of the image
could be analysed, similar to the fringe characterisation method presented, in order to
obtain quantitative information about the smallest spatial frequencies that can be resolved
with wavelength.
Fig. 5.23 shows an attempt at creating a random noise mask, within the limitations of
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the lithography equipment I had available. Experiments using this mask failed to resolve
differences in the FIGH-30-650S fibre. Changes in cut-off spatial frequencies in the Fourier
transform data were not above noise level. This fibre has a very flat imaging performance
with Fourier score against wavelength, as seen in Chapter 4, so there is expected to be only
small changes. For fibres where a difference could be observed, such as the hexagonal fibre
Bath-12k-470, the difference in wavelength needed to larger than 500 nm in order to see
a change above noise level in the 2D Fourier transform. The sensitivity of the change in
spatial frequency is lost in comparisons to the fringe method. The mask needs optimization
specific to the functionality of imaging fibres in order to work.
5.9 Conclusions
We have fabricated and tested multi-core imaging fibres that compare very well to commer-
cially available imaging fibres, despite a lower refractive index contrast. We introduced more
dissimilarity in our core diameters than the commercially available fibre and this increased
imaging performance. Cores diameters that allow for few-order modes in the wavelengths
of interest are not detrimental, and gave our square stacked fibre an advantage over our
hexagonal stacked fibres.
We developed two new methods of fabricating endoscopic imaging fibres using graded
index preforms designed for telecommunications, where we used different lattices on which
to stack the dissimilar cores. This fibre’s fabrication technique was based on a simplified
stacking procedure using rods derived from telecoms preforms of lower index contrast than
commercial imaging fibres (NA of 0.3 compared to 0.4).
Fluorescence images of a USAF test target with a 3.1 µm line width are discernible in
our square array fibre in the wavelength band 520 - 600 nm and 3.48 µm in the wavelength
range 650 - 750 nm, whereas these are only discernible in our hexagonal fibre in the 520 -
600 nm band.
We have made good imaging fibres using GI preforms as opposed to SI preforms. This
procedure therefore allows imaging fibres to be produced from relatively low-cost starting






The work in this chapter is about a method of fabricating coherent fibre bundles of over
11,000 doped silica cores in an imaging fibre that has an usual cladding form. The cladding
of this fibre is formed of an air-filled capillary lattice, increasing the refractive index step of
this imaging fibre far above those discussed in previous chapters. This fibre was fabricated
and developed by H. A. C. Wood. The fibres are characterized and we find that their
imaging quality shows a substantial improvement over the commercial fibres discussed in
Chapter 4. More importantly, good resolution is obtained over a broad range and into the
near infra-red, with equal resolution over an unparalleled wavelength range from 500 to 1600
nm.
My main contribution to this work is in post-processing the fibre to further increase
imaging resolution. An imaging fibre with an air-silica index step allows for exciting tapering
possibilities, such that a small section can be tapered in order to increase resolution, but not
at the sake of increased coupling over the whole propagation length. The benefit of tapering
the air-clad fibre in order to magnify the input and increase resolution is explored in this
chapter.
6.2 High refractive index and imaging fibres
The types of imaging fibre discussed in Chapters 4 and 5 perform well at short visible
wavelengths (400-650 nm) but rapidly decrease in resolution at longer wavelengths. Recall
that the best imaging fibres fabricated at Bath, in Chapter 5, perform better at short
wavelengths than the FIGH-30-650S in Chapter4, but their imaging resolution deterioates
at a faster rate with increasing wavelength. None of the previous fibres discussed perform
very well in the near-infrared (NIR). In addition to the chemical probes already in use in
the green band, Proteus is interested in developing chemical probes that will tag bacteria
in the NIR. The imaging fibre for Proteus cannot sacrifice resolution in the green band in
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order to gain better imaging properties in the NIR, because the lung tissue fluoresces in the
green band. In order to have a multi-core imaging fibre that works across a broader range
of wavelengths, the refractive index contrast needs to be increased.
The maximum refractive index step for silica, when silica is doped or paired with poly-
mer, practically achievable is around an NA of 0.36-0.4 [61], but is not easily commercially
acquired with a core cladding ratio appropriate for imaging fibres [55]. The higher dopant
present in the core and or cladding, as well as the thin cladding, increases how expensive
the preform is because of the increased difficulty in order to successfully fabricate [55]. In
order to reduce the coupling in the NIR, the cores would need to be increased in size and/or
further separated, which limits the smallest features that can be sampled. Attempts to ex-
tend the functional wavelength range of imaging fibres into the infra-red have included both
anti-resonant hollow core structures [62], capillary arrays with an internal metal coating [63]
and chalcogenide fibres [64]. These fibres are not as straight forward to fabricate as silica
based imaging fibres. Silica based fibre fabrication is extremely forgiving compared to other
materials, as silica has wide range of temperatures it can be drawn at. It can be appreci-
ated that with the complexity of imaging fibre cross-sections, some flexibility in fabrication
parameters is very advantageous.
Ultimately, for small, closely packed cores a high refractive index is the most beneficial.
Phase mismatch introduced by core dissimilarity helps, as shown in Chapter 5, but this
effect exponentially benefits from higher refractive index contrast and can be viewed as a
compensation for low refractive index steps, as suggested in Chapter 4. The allure of a silica-
air refractive index step is immediately understandable. The use of an index step between air
and silica in optical fibres has been well established in Photonic Crystal Fibres (PCF) [65].
These structures can achieve high numerical aperture (NA) [61], allowing light to be tightly
confined [66, 67]. Fabrication of PCF structures use traditional stack and draw techniques,
discussed in Chapter 3, which do not easily transfer to imaging fibres of an air-silica type as
it would limit the imaging fibre to only a few dozen cores [68]. Attempts have been made at
fibres with similar structures using different methods, such as holes drilled into a polymer
fibre [69], random refractive index profiles with polymer fibre [45, 70] and a staked silica-
air imaging fibre with attempts to include randomly organised silica-air holes [32], however
these all have their downsides and do not compare to the ease of fabrication using neatly
stacked, silica based glass.
The imaging fibre discussed in this chapter fully benefits from the index step of the
air to doped silica, unlike previous similar attempts, has a practical number of cores for
an imaging fibre as a zero working distance coherent bundle (11,343), core diameter and
separation to conventional imaging fibres. It delivers the practical benefits of conventional
imaging fibres, but with far less coupling between cores, giving better resolution across a
unparalleled wavelength range from 500-1600nm.
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Figure 6.1: Schematic diagrams of the two main stages of fabrication. Shaded regions are silica
glass and unshaded circles hollow capillaries. (a) depicts the first stacking stage with 57 cores, (b)
shows an example final preform structure containing the canes produced from the first stack within
an outer jacket tube and some solid silica packing canes at the edges to maintain the structure.
6.3 Air-clad imaging fibre fabrication
This fibre was fabricated by H. A. C. Wood with help from J. M. Stone. It was made using
the several stage stack and draw method for imaging fibres discussed in Chapter 3. The
structure consists of capillaries and jacketed doped cores. The capillaries were drawn from
F300 silica glass tubes, and the cores are a set of 3 germanium doped step index preforms,
each with a different core to cladding ratio. The outer diameters are all the same, in order to
form a neat stack, but there are three different inner areas of doped germanium. The ratios
of core to cladding were 0.35, 0.42 and 0.48. The first stacked structure made using these
57 cores in an array, seen in Fig. 6.1 (a). This stack was drawn unjacketed to a hexagonal
cane of thickness of 1.2 mm from one flat face to another. The furnace was kept at a low
temperature of 1900 degrees in order to prevent the collapse of the capillaries due to surface
tension forces.
The second stacking stage had 199 of the 57-core canes stacked in a hexagonal array,
inserted into a silica jacket of inner/outer diameters of 19/25 mm, and the edge interstitials
packed with pure silica canes to produce the preform with 11,343 cores shown in Fig. 6.1
(b). This was then drawn to canes of 4.33 mm diameter in order to better preserve the
inside structure during the fibre draw. In both the final cane and fibre stages the draw
temperature was steadily lowered while taking regular samples to check the structure under
a microscope. If the capillaries remained open the furance temperature was kept constant
for the rest of the draw (1920 ◦C for this fibre) and fibre then collected.
The canes were drawn to fibres of several different diameters. Three types of fibre will
be discussed in this chapter: an outer diameter of 535 µm that has a similar core spacing
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of roughly 3.5 µm as FIGH-30-650S, an outer diameter of 480 µm, an outer diameter of 335
µm which was the smallest diameter fibre that could be fabricated on the tower and a fibre
that varied between 570-600 µm which was the largest diameter fibre fabricated for this run.
6.4 Characterisation
The characterisation of the fibre was done in four parts to test USAF target imaging, fringe
characterisation, numerical aperture and coupling point spread tests. All testing was carried
out with metre lengths of air-clad fibre, coiled to a radius of around 15 cm.
6.4.1 USAF target images
Images of USAF targets were taken using zero working distance and back illuminated by
a supercontinuum white light source. Bandpass filters were used at the output end of the
fibres to produce the images in Figs 6.2 and 6.3.
Fig 6.2 shows an unparalleled level of resolution across a broad spectrum of wavelengths
for the 535 µm outer diameter. Group 7, which is the smallest group often avaliable on
commerically brought targets for use in testing microscopes, is shown to the top right of
each image, with element 1 (the largest set of bars in a group) of group 6 at the bottom.
In all images taken using our air-clad fibre, element 3 of group 7 is clearly visible. This
corresponds to a resolution of 161.3 line pairs per millimeter (LP/mm), or 3.1 µm. The
USAF elements are still very well preserved at a wavelength of 1 µm. Previously discussed
solid imaging fibres would break down in resolution at around 800 nm. In comparison,
this air-clad fibre works well until 1600 nm, where the coupling just begins to obscure the
elements in group 6. This range of working wavelengths is just not achievable in similarly
structured fibres where the cladding is solid glass instead of air structures. The refractive
index contrast between core and air cladding is high enough to allow for a wide range of
working wavelengths, at a fixed core separation.
Fig. 6.3 shows that clear resolution of small elements can be seen with cores that are
smaller and closer together in a smaller version of the fibre. The smallest elements of group
7 are 2.19 µm in size, and are therefore not possible to be imaged in FIGH-30-650S, or
any of Fujikura’s other avaliable solid fibres [38], or previous Bath fibres, because the core
separation of all these fibres is above 3 µm. In such fibres, cores with similar size diameters
and separations as the air-clad fibre in fig 6.2 would have too much coupling to image these
elements at similar wavelengths.
6.4.2 Fringe characterisation
Quantitative fringe characterisation, like that previously done for fibres in Chapter 4 and
5, was done by H.A.C. Wood. Figure 6.4 shows that the performance of the air-clad fi-
bre performs broadly across a wide range of wavelengths compared to FIGH-30-650S. The
maximum wavelength investigated was 850 nm purely because of the experimental set-up
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Figure 6.2: USAF test target images from the 535 µm air-clad imaging fibre and FIGH-30-650S,
taken using a silicon CCD camera. The individual line widths shown in group seven range from
2.19 µm to 3.91 µm.
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Figure 6.3: An image of group 7 of a USAF test target taken using the high resolution 335 µm
outer diameter air-clad fiber and a 500 nm bandpass filter.
Figure 6.4: Fringe characterisation of the 535 µm air-clad fibre (blue) and FIGH-30-650S (black).
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Figure 6.5: Micrograph of a tapered (to 280 µm) stub of the 600 µm fibre back illuminated by
white light. The tapered end is illuminated with white light from a bulb, and the end viewed here
is the larger end.
caused too much attenuation for further wavelengths. Further work could characterise the
fibre performance in the NIR band.
6.4.3 Numerical Aperture measurement
The unparalleled range of working wavelengths for the air-clad fibre is achieved with its
high refractive index contrast, but because of the struts of glass throughout the cladding,
the effective index contrast between guided cores and cladding will not literally be the index
difference between air and glass because there are structs of glass throughout the cladding.
Measuring the numerical aperture of the fibre gives an indication of what this working
refractive index contrast is in practice. The numerical aperture (NA) of a selection of the
fibre cores was found by H. A. C. Wood using a knife-edge measurement [71]. The edge of
the beam profile was taken as the point where the power drops to 10% of its peak. This
was done at two wavelengths by coupling a supercontinuum light source into single cores
and filtering the output with 500 and 1000 nm bandpass filters. The NA is 0.41 ± 0.05
and 0.44 ± 0.05 at 500 and 1000 nm respectively. Recall that in Chapter 4 that the NA of
FIGH-30-650S is estimated to be between 0.36 and 0.4.
6.4.4 Point spread coupling
It is difficult to tell how effective the strategy of using 3 families of doped cores to mitigate
coupling is in this fibre. Similarly to the hexagonally stacking imaging fibres in Chapter
5, three different types of cores were used in order to reduce coupling by using dissimilar
neighbouring cores. Observing how the fibre behaves when imaging with it or inspecting it,
such as in figure 6.5, provides some assurance that the cores appear to behave as if there is
a hexagonally lattice of three types of core across the end face. When back illuminated with
white light, the cores appear optically different, which gives some weight to the idea that
the three different doped core types have an effect at this scale. The coupling spread from
launching light into one core, a method used to assess coupling in Chapter 4, can be used
to qualitatively investigate how coupling spreads to nearest neighbours. Unlike Fujikura
fibres, where the cores have less dissimilarity and no distinctive set of ’types’ so the coupling
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Figure 6.6: Near-field of the output fiber end face when coupling into the core circled red. The
yellow hexagon indicates the boundary of a sublattice stack.
spreads out somewhat symmetrically, there should be preferential coupling from one core
to it’s nearest most similar core, the next nearest neighbour of its types, rather than it’s
dissimilar nearest neighbours. If the three different Ge-doped cores had no significant affect
in the phase-matching conditions, coupling spread would be similar to that seen in FIGH-
30-650S. Light of 1200 nm was coupled into the circled core of the 335 µm fibre, where the
cores are closest and so will have more coupling effects, the image in fig 6.6 was produced
by H. A. C. Wood.
The coupled families of similarly doped cores, all next-nearest neighbours, are immedi-
ately apparent. This indicates the Ge-doped cores do have a strong impact on the coupling
characteristics of the structure. Also note the drastic reduction in power coupled between
cores across the boundary of the sublattice (yellow hexagon) stack due to the double capillary
boundary.
6.5 Tapered structures
The previous sections established the air-clad fibre structure and its striking imaging capa-
bilities. In this next section, I discuss the benefits and novelty of tapering such a fibre.
6.5.1 Theory
Coupling between cores depends on propagation distance as well as core separation and index
step. In imaging fibres, the beat length of coupling is in the range of millimetres. Typical
lengths for imaging fibres are usually over one metre. Image resolution can therefore be
further improved by locally decreasing the core separation at the distal end, if the affected
length is short enough. This can be achieved, without compromising the overall length of
an endoscope, by tapering a larger fibre where the cores have increased separation, and less
coupling over an identical length of fibre.
94
Figure 6.7: Airclad of outer diameter 535 µm (left) collapsed to an outer diameter of 300 µm
(right) over a length of roughly 2 mm (below).
6.5.2 Collapsing the air holes
Given that the taper only introduces a small region of higher coupling between neighbours, it
is reasonable to assume that the air holes in the air-clad fibre can simply be collapsed in order
to bring the cores the closest they can physically fit together. This would also be desirable if
the fibre was to be used in any endoscopic applications, especially bronchoscopy for Proteus,
because the holes would have to be blocked at the distal end to avoid contamination.
Using the taper rig, the holes were collapsed on the 535 µm fibre, resulting in an outer
diameter of 300 µm, but with no successful imaging at the output. Not even the numbers
that label the group elements could be seen at 450 and 500 nm, which are between 20 and
30 µm depending where on the target they are located. Without the air holes in the cross-
section, the fibre consists of doped cores in a common cladding, similar to the imaging fibres
in 4 and 5, but here the cores diameters are below 1 µm. This is too small to be a good
wave guide for most of the wavelengths in the visible range. It is reasonable to assume that
on the rig no short transition taper can be made in order to overcome a short length of a
very lossy, highly coupling length.
In order for such a structure to be successful, the core diameters need to be more similar
in scale to common solid imaging fibres (at least above 2 µm), with similar refractive index
contrasts. The benefit in resolution is likely to be a minor improvement because the spatial
frequency of the cores will be similar to well established conventional imaging fibres, therefore
the smallest resolvable element the cores are able to sample will be the same. However, the
contrast due to decreased coupling along the length will be beneficial across most of the
visible spectrum, and may increase the range of wavelengths that can resolve elements. This
has not been tested, as no air clad imaging fibre was fabricated with cores that would be
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Figure 6.8: Airclad of outer diameter 480 µm (not shown) collapsed to an outer diameter of 290
µm (top) over a length of roughly 2 mm, compared to a diameter of 220 µm. In both images the
tapers are back illuminated by white light. Images are not to the same scale.
large enough to test this. This is something that Proteus will likely explore in the future in
order to utilize the air-clad fibre in bronchoscopy or similar medical applications.
6.5.3 Short taper transitions
A short taper transition would provide the best improvements on an air-clad fibre with the
largest available outer diameter. Short transisitons provide the absolute minimum lengths
for the coupling increase. Short tapers were made and tested with and without waists.
Taper transitions of the order of 2 mm were made on the taper rig described in Chapter 3,
at first with earlier air-clad fibres of 480 µm. It would be more beneficial to use the air-clad
fibre with a diameter between 570-600 µm, as there is less coupling in the structure overall.
However, this wasn’t obvious at the time, but several useful notes from the short tapers on
480 µm diameter were found.
Figure 6.8 shows micrographs of the 480 µm fibre tapered down, across similar transition
lengths, to different diameters. The features seen at the hexagonal boundaries for the smaller
taper to 220 µm show the double capillaries around the hexagonal stacks are the only holes
left open. If these lighter regions around the double capillary structures of the hexagonal
structure can be seen, the taper is too small and is not useful for imaging. The smallest
achievable tapers that retain their structure, like in the top micrographs in figure 6.8, were
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Figure 6.9: Airclad imaging fibre of outer diameter 480 µm (left) imaging USAF targets, and
a tapered airclad imaging fibre collapsed to an outer diameter of 290 µm (right) over a length of
roughly 2 mm also imaging USAF targets. In both images the tapers are back illuminated by white
light and filtered with a bandpass filter at 550 nm. Images are not to the same scale.
around 270 µm. Figure 6.8 shows the micrograph for 290 µm, as this was the size found
to image the best, shown in figure 6.9. The untapered picture in this figure, of the 480 µm
diameter, is noticably worse than that of both 535 µm and 335 µm. I suspect this is because
an earlier fabricated version, the air-clad fibre had some fluctuation along its length, and
was actually drawn to be over 500 µm. The resolution is bad in this image because the
cores are too close together for this particular section. Nevertheless, the taper shows an
improvement.
Short tapers are difficult to be repeatable and have one chance at a good cleave. Figure
6.10 demonstrates two tapers, repeated one after another using the same parameters, and
drawn to the same outer diameter. It can be seen that the waist is different in shape, this
is most likely due to small differences in the rig set up, such as proximity of the flame from
the needle burner to the taper. Further work would benefit from perfecting short tapers
in order to fully benefit from the improvement tapers give to this fibre. Further more, the
taper shown in figure 6.9 could resolve many of the group 7 elements up to 750 nm, whereas
later longer tapers can not provide good images at wavelengths above 600nm.
6.5.4 Long taper transitions
Longer transitions are easier to work with simply because the diameter steadily decreases,
and allows for several cleaves around the diameter of interest, so a better chance of a good
and flat input cleave at the correct size, without remaking the entire taper. This is important
as the fibre is zero working distance, and so if any cores are recessed across the end face,
then features will not be resolved in this area. The taper itself is also more repeatable, and
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Figure 6.10: The variability of taper transitions for similar tapering procedures is shown in
the profiles of the tapers in the top micrograph. The outer diameters of both taper to the same
waist size (roughly 300 µ) over similar lengths, but their imaging properties shown below are very
different. The 30 µm ’2’ is imaged by the top taper and can barely be seen, but for the same imaging
experiment the taper in the bottom half of the mircograph, that has a far less linear profile, can
image most of the group 6 of the USAF target.
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Figure 6.11: Micrographs for transmitted flood illuminated white light of the untapered (left) and
tapered (middle) fibre. The smallest USAF group 7 elements imaged at 500 nm are shown at the
right.
is less susceptible to changes in the rig between tapers, such as flame distance from the fibre
and alignment, and diameter fluctuations of the fibre itself.
An air-clad imaging fibre of outer diameter 600 µm was heated and stretched in a small
flame [29]. The narrowed region was cleaved to form a tapered tip 9.5 cm long with a
diameter of 310 µm at the end face, attached to 80 cm of 600 µm diameter fibre, Fig. 6.11.
The reduced core separation was 1.2 µm, and the air holes have survived the process.
Group 7 of a USAF test target placed at the tapered end was imaged via a 500 nm
bandpass filter, Fig. 6.11 (right). Compared to the smaller uniform fiber at the same
wavelength, Fig. 6.3, the elements of group 7 are clearly better resolved. (The difference in
image scales is due to the incidental magnifying effect of the taper.)
6.6 Future work
Future work could concentrate on improving parameters for making repeatable short tapers.
This would provide a similar benefit to that seen for long tapers, but with a broaded working
wavelength range. It would also be beneficial to fabricate fibres with larger cores in order
to be able to collapse the end of the fibre, and find if it is possible to have a closed distal





The work presented in this chapter shows the experimental realisation of a novel fibre that
has a unique refractive index profile. The concept of this novel fibre was developed by T.
A. Birks. Many of the key concepts in order to understand the novelty of this fibre build
on the concept of adiabaticity introduced in Chapter 2. The conclusions of the theoretical
work developed by T.A. Birks shows that, unlike conventional fibres, there exists a refractive
index profile such that any change in the scale of this fibre is not constrained by the length
of the transitions to ensure adiabatic changes. A fibre with a logarithmic refractive index is
‘endlessly adiabatic’. This section discusses the theory of an ‘endlessly adiabatic’ fibre, the
experimental realisation and work into the applications.
7.2 Theory
This section outlines key concepts to understanding the novel properties of an optical fibre
with a logarithic profile [72]. Chapter 2 introduced the concept of a required minimum
length for transition length of a fibre taper to be adiabatic. Mathematical criteria exists










dA| << 1 (7.1)
where Ψ1 and Ψ2 are the normalised field distributions of the local modes which are
most likely to couple, A is the cross-sectional area of the fibre and z is the direction of
propagation. The parameters ρ, z, β1 and β2 are defined as previously throughout this thesis
and are respectively the core radius (or any scale parameter), the axis parallel to the length
of the fibre, and finally the propagation constants of Ψ1 and Ψ2.
It can be seen from equation 7.2 that if there was a mode whose field distribution did
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Figure 7.1: Logarithmic refractive index profile of Eq.7.3, showing the capped near the axis. [72]
not change with a change in scale of fibre, such as when the outer diameter is decreased,
then ∂Ψ∂ρ = 0. The whole expression is then always << 1. The taper length can be any size
and still be adiabatic.
7.2.1 An ideal logarithmic profile
A logarithmically GI profile, n(r), has a profile as described






where r is the radial co-ordinate, n0 is the background refractive index and is constant,
NA is a constant proportional to a refractive index contrast, here playing a role similar to
that of NA, ρ is the value where r has the specific value of n0 (defining the scale of the fibre
along a taper) and ln is the natural logarithm.
Equation 7.3 shows that a change in scale for the fibre with this refractive index profile
only changes the background refractive index, varying by −NA2ln(r). The spatial shape
of the refractive index contrast determines the mode field distribution (MFD) and for this
refractive index contrast the shape is still logarithmic even as the scale, ρ, changes. This is
unlike other conventional fibres, where MFD would change with fibre scale. For a logarithmic
profile, MFD does not depend on the scale of the fibre as ∂Ψ∂ρ = 0.
7.3 F-doped silica preform
Obviously, a fibre with a true logarithmic profile is impossible. The logarithmic function is
infinite at r = 0 and a fibre can’t physically be infinitely large so that r → ∞. In reality,
the infinity at the centre must be ‘capped’, as shown in Fig. 7.1. However, as long as the
capped region area is small compared to the guided MFD, it has little effect [72]. Secondly,
the finite OD of the fibre only affects how small the taper waist can be before this refractive
index step begins to be a problem. The profile of the preform was specified by T. A. Birks
and then fabricated by D. Van Ras at Draka Comteq Fiber BV using the PCVD process as
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Figure 7.2: Index profiles, relative to undoped silica, of (red) the capped log-profile design and
(black) the measured experimental fiber drawn from the PCVD preform. [72]
Figure 7.3: Calculated MFD at λ = 1550 nm of (blue) the step-profile fibre, (red) the realistic
log-profile fibre, and (grey) a uniform silica rod, as functions of outer diameter. Diameters above
125 µm imagine an enlarged fibre. [72]
discussed in Chapter 3. The refractive index profile as measured by D. M. Haynes is shown
in Fig. 7.2.
The MFD was designed to match that of a commercially available step index fibre,
Corning SMF-28. If the MFD between two fibres are a good match, then this helps to
minimize splice loss between these fibres. Fig. 7.3 shows the calculated MFD change at
1550 nm between SMF-28 and the log profile fibre for a fibre drawn with this designed
preform. It can be seen that at 125 µm the MFDs between the two fibres match. This
means that for any experiment where we needed to ensure only the fundamental mode is
excited in the log fibres, spliced lengths of SMF-28 at the input and output act as good
filters with very low loss. Furthermore, unlike the step-profile case in 7.2, there is no change
in MFD with fibre diameter. Theoretically, the only change in MFD for the log fibre begins
when the air glass refractive index becomes significant. This happenes when the fibre is
smaller than 25 µm in OD. At this size, the behaviour of the MFD is effectively similar to
that of just a uniform glass rod.
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7.4 Fibre fabrication
There were two draws of fibre from the F-doped logarithmic preform that led to published
results [72,73]. Although they were made from the same preform described in the previous
section, they have different refractive index profiles due to different fabrication conditions
between draws. Therefore the fibres have dissimilar performance properties.
Fabrication of this fibre was not straight forward. Commonly, fibres drawn at the fibre
facility at the University of Bath have very little areas of dopant at the outer edges of
preforms. Most will be pure silica in the cladding, with no dopant (for example PCFs and
HCFs) or germanium dopant in small regions for the guiding cores (SMF, MMFs, imaging
fibres, etc). F-doped glass may be used to form a thin trench or a capillary, but there are
rarely preforms with large F-doped areas extending to the outer surfaces of the preforms
drawn at this facility.
It can be expected that fluorine doped glass is more likely to be reactive. This seems
to be the experience of another fibre drawing tower user at Bath, J. Harris. J. Harris, had
failed to draw fibre from a heavily F-doped preform. Most of the fibre drawn was weak and
unusable. The earliest attempt produced strong fibre but sub-optimal optical properties,
because the cut-off wavelength was higher than expected. Repeated draws produced weaker
fibre.
The preform that J.Harris attempted to draw had a SI profile, where the core was pure
silica and the fluorine dopant was in the cladding. It is typical to draw fibre at tensions
around 100 g for fibre diameters of around 100 µm. The first draw from this preform was
at a tension of 120 g, and this produced mechanically strong fibre but with a higher cut-off
wavelength than expected. For the next attempt, the fibre was drawn at a lower tension
of 50 g and produced weak fibre. Several more attempts were tried with tensions ranging
from 40 g - 140 g, but all draws produced weak fibres with lower cut-off wavelengths than
expected. High tensions tended to lower cut-off and increase bend loss. Discarding around
40 mm of preform or drawing from the untouched opposite end produced similar results at
tensions of 140 g, with fibre still mechanically weak.
Before attempting to draw the logarithmic preform, I attempted to draw fibre from the
preform of J. Harris. Even before the draw, the normally pristine and very transparent
surface quality of J. Harris’s preform appeared cloudy. There were clear surface quality
problems for the preform at this stage, and this was apparent even in the ‘neck-down region’
of the preform, where the fibre is pulled from the hot-zone. Usually this region is completely
clear because it is from the hottest part of the furnance, but for this preform there appeared
to be white ‘soot’ at the neck-down. Subsequent draws showed that increasing tension
produced weaker fibre, and so low tensions were explored, but the fibre remained too weak
to be usable.
Given the dubious surface quality of the preform, attempts were made to flame polish
the surface. Both flame polishing with a hydrogen torch and drawing the preform to canes
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Figure 7.4: SEM images of canes from J. Harris’s F-doped preform. (a) Line like defects in the
canes. (b) A closer look at some of the defects in featured in the lines.
of 5 mm in diameter were attempted in order to polish out surface defects with heat. Fig.
7.4 shows SEM images from the canes drawn, showing the surface defects in detail. Un-
surprisingly, fibre drawn from these canes was also mechanically weak and unusable. The
preform at this stage was unsalvageable.
Early attempts to draw the F-doped log preform to fibre similarly produced weak fibre.
D. Van Ras had drawn short lengths of fibre to test the refractive index profile at no more
than 80 g of tension, and this was used as a guide for our own draws. Despite early draws
being largely unsuccessful, fibre used for OFC [73] was from strong sections of a scrap band
drawn at a tension of 120 g.
Subsequent draw attempts identified that fibre could be weak for tensions in the range
of 30 - 140 g, with weaker fibre with increasing tension. A low tension of 40 g was picked, as
this produced the longest lengths of fibre without breaking points, and it was found that the
first 100 m of the fibre at this tension is mechanically weak, but the fibre gradually increases
in strength if no parameters are changed.
The observed surface quality of the preform is likely to blame for weak fibres. It was
repeatedly found that drawing roughly 100 m of fibre, which equates to ten minutes with
our feed and draw speeds, would produce mechanically strong fibre. Drawing stronger fibre
requires not doing any changes for a longer time period than a fabricator is used to, especially
when there appear to be problems with the fibre currently being drawn!
Fig. 7.5 compares the stress distributions for two different log fibres drawn with different
parameters: the early draw that was weak with strong sections and was used for OFC, and
the successful draw with stronger fibre. It can be seen there the index profiles are affected
by stress across the fibre structure, which accounts for the slightly lossier results found for
the OFC fibre, and also the unexpected cut-off wavelengths found for J. Harris’s fibres.
In conclusion, high tensions cause stresses in the glass that affect the guidance properties
as it can lower the refractive index of the undoped silica. However, low tensions can cause
weak fibre too, probably because of the increased surface weaknesses due to the reactivity
of the fluroine dopant. The rate at which the glass physically moves through the hot-zone
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Figure 7.5: Index and stress distributions for log-profile fibres drawn with (solid black lines) 40 g
draw tension and (broken lines) 120 g draw tension [73]. (a) Measured index profiles, along with the
design profile (red line). (b) Measured stress profiles; positive values are tensile. (c) Index profiles
of (a) with the effects of stress from (b) removed, as calculated with the formula in [72,74]
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Figure 7.6: (a) Optical micrographs of (left) the log —profile fiber and (right) the step-profile fibre
SMF-28 (both 125 m diameter) illuminated by transmitted white light. (b) Near —field patterns for
λ = 1550nm at the output of the log —profile fiber when (left) butt—coupled to the step —profile
fiber with various lateral offsets and (right) fusion —spliced to the step —profile fibre (not to the
same scale). [72]
becomes important, and any volume that spends some time in this zone, like at the start
of the draw, will need to be accepted as waste and discarded, but strong fibre can be made
once this volume of glass has been drawn to a scrap band of fibre.
7.5 Fibre performance
For the experiments in this chapter, only fundamental mode excitation is important. How-
ever, the log fibre supports higher order modes. Interestingly, it is surprisingly easy to excite
modes that look pure by inspection through 30 m of fibre when butt-coupling off axis with
SMF-28. Fig. 7.6 shows some of the modal patterns seen by butt-coupling SMF-28 across
the end face of the log fibre, and rastering the input position. In much longer lengths,
<1.2 km, the higher loss of these modes results in nothing but the fundamental mode being
observed.
7.6 Splice tests
At 1550 nm the MFD of log fibre should match very well to the MFD of SMF-28, allowing for
low loss splices. I tested this by launching 1550 nm light into a 2 m length of SMF-28. This
input is not disturbed during the measurement, so that any changes in power at the output
can be reasonably assumed to be because of the splice. I spliced the end of the SMF-28 to
a length (several meters) of log fibre, and recorded the loss making a low loss splice on a
Fujikura 70S Fusion splicer [75], and repeated this process. The length of SMF-28 should
excite mostly fundamental mode of the log fibre, but in order to test this further I spliced
SMF-28 of similar 2 m length to the output of the log fibre, and tested the loss of the splice
through the second SMF-28.
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Figure 7.7: Experimental set —up to compare the short tapers. For SMF-28 the log fibre and
splices to SMF-28 patch cords was changed to just a spool of SMF-28 fibre.
7.7 Loss of short tapers
The log —profile fibre was designed to make adiabatic tapers of any length. If only the
fundamental mode is excited, there should always be low loss, provided the OD of the waist
is not smaller than 25 µm. I tested this by making tapers in a 30 m initial length of the fibre
spliced between two pieces of SMF-28. Light of wavelength 1550 nm was launched into one
end of SMF-28, and the output from the other was monitored as tapering proceeded. After
each taper was measured it was discarded, and the output splice was re —made for the next
taper. The splice loss from these tapers were typically around 0.2 dB. For 20 measurements,
14 m of fibre was consumed. The experimental set—up for taper comparisons is as shown
in Fig. 7.7.
In SMF-28 adiabatic tapers are usually at least over 1 cm. Experimentally the minimum
adiabatic length for SMF-28 in this set —up was 1.7 cm, that had a taper loss of 0.1 dB. In
this section, very short tapers were made such that the taper rig program assumed them to
be zero length. The actual minimum length of these tapers are set by physical limitations,
such as the size of the flame from the burner. A needle burner with a gauge of 1 mm was
used. The transitions of the short tapers were actually 1.7 —2.0 mm.
The shape of the tapers made are shown in the inset of Fig. 7.8. An initial 30 m of
log fibre were spliced to over 1 m of SMF-28 patch cord at both the input and output, to
ensure that only the fundamental mode of the log fibre is excited and read to be compared
in measurements. Fibres were excited with 1550 nm light, and the output power before and
after the tapers were measured. The experimental set —up was as shown in Fig. 7.7.
The taper rig has some variables that can affect short tapers much more than longer
tapers. Shear in geometry of the taper, from small misalignments of the two taper stages,
small adjustments in needle burner distance and slight time delays of flame removal are all
controlled to the best of the taper rig user’s ability, but for short tapers it can be expected
that these small changes can have a much larger affect. For this reason, there is a wider
spread in losses than would be typical for other taper experiments. These results are shown
in Fig. 7.8. It can be seen that the log fibre has a much lower loss for these short tapers
than the SMF-28 equivalent.
Two typical and similar profiles of these short tapers are shown in Fig. 7.9.
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Figure 7.8: Loss distribution of tapers made from (black, all <1dB) the log —profile fiber and
(blue, all >1dB) the step —profile fibre. The histogram bin width is 0.1 dB. Inset: Schematic of
the programmed taper profile. The finite flame size made the short input taper 1.7 —2.0 mm long
in practice. [72]
Figure 7.9: (a) Representative optical micrographs of side views of nominally identical short input
tapers (from 125 to 30 m) made from the log —profile fiber and the step —profile fibre, labelled with
their measured losses. The images have been cropped, but the aspect ratio is otherwise preserved.
(b) The corresponding taper profiles as extracted from the images for (black) log —and (blue) step
—profile fibres. [72]
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Figure 7.10: Experimental set —up to test the near field output of the tapered log and SMF-28
fibre. For SMF-28, the log fibre and splice are replaced by just a spool of SMF-28.
Figure 7.11: Single —mode near —field λ = 1550 nm images at the output of (top) the step
—profile fiber and (bottom) the log —profile fiber, when tapered to the indicated diameters. The
images are to the same scale and have been + 40 % brightness —enhanced to show fainter regions.
[72]
7.8 Near field measurements at 1550nm and 1310nm
The near field (NF) output of the log fibre should not change for a given wavelength, provided
the outer diameter stays about 25 µm. For decreasing wavelengths, this is less likely to be
the case as the refractive index cap has more of an effect. In this section, a long taper (of
length 37 mm) was made and the output was imaged in an optical set —up shown in Fig.
7.10, along with an accompanying dark field image. New cleaves were then made along the
transition and imaged, so that a range of NF measurements could be made for increasing
outer diameter. The procedure was then repeated for SMF-28.
Fig. 7.11 shows a sample of the set of mode field images compared to different outer
diameters at the taper output. It can be seen that the SMF-28 mode fields have far more
variance in size and shape compared to the log fibre outputs.
Each image, after background subtraction from the dark field, was then analysed to find
a size for the MFD using the Petermann —II MFD definition [76]. The results are as shown
in Fig. 7.12. It can be seen that while the SMF-28 NF measurements have more variance
and resemble the expected trend as shown in Fig. 7.3, the log fibre NF measurements are
not flat and slowly increase. I believe this is a representation of what is happening, as I
observed very small changes in the outer edges of the mode field for smaller outer diameters,
that would change with fibre perturbation. I suspect that there small are contributions from
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Figure 7.12: Using imaged outputs to analyse the single —mode NF MFD as the output varies at
λ = 1550 nm and λ = 1310 nm. The log —profile fibre and SMF-28 were tapered to the indicated
diameters.
higher —order or cladding modes, that have not been filtered out completely by the SMF-28
patch cord splice. This slight contribution of higher order modes could be more apparent
here, which only had one patch cord as a filter, compared to the short taper measurements
with had SMF-28 patch cord filters at both the input and output.
7.9 Ge-doped preform
At the time of commissioning the log preform from D. Van Ras, a Ge —doped preform
would have been preferred but was not successfully made. This would have been preferable
simply because silica would be at the outer edges of the preform instead of dopant. This
is much more versatile, for jacketing at the preform and fibre stage. It is also suspected
that the reactivity of the dopant at the surface of the preform is what caused the earlier
fabrication problems [77, 78]. The preform has now been made by D. Van Ras, and there
will be interesting outcomes, some mentioned below, once it is fabricated to fibre. I suspect
that it will be a smoother draw and that the stress introduced into the fibre may be less,
and so less likely to affect the refractive index. It will be interesting to see if this lowers
the loss in the short taper comparisons, but more importantly other tapered devices can be
made where the endless adiabaticity can be further used. These were not possible with the
fibre discussed in this section, as no matching doped jackets existed.
7.10 Further work
7.10.1 Bend loss of higher order modes
The bend loss of the logarithmic fibre is different to conventional fibres. Current work is
being undertaken to further characterise the bend loss of the fibre, with particular interest
in the bend loss of higher order modes. This could provide a useful filter for applications
where splices are not appropriate.
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7.10.2 Far field supercontinuum
Exciting supercontinuum generation in the log fibre and comparing the output to to other
conventional fibres, would be a convenient way of measuring the change in far —field or
near —field with wavelength dependence. Some optimisation of taper and experimental set
—up are needed.
7.10.3 Couplers
Optical fibre couplers were discussed in detail in Chapter 2. These are common commercially
available devices, that take more than one input, and give the same number of outputs, but
will change the distribution of power depending on wavelength and polarisation. These can
be made by tapering fibres together, so that they fuse together at a common waist. In order
to reduce power loss in this transition, these devices also need have adiabatic transitions. A
novel device could be made by using the log fibre to make a coupler. This was attempted
by using the F —doped log fibre, but was massively lossy in comparison to couplers made
of SMF-28. It is suspected that the log fibre is more susceptible by the sheer introduced
by these two fibres fusing together to a common centre. A successful device needs further
optimisation on the taper rig, and needs more time investment.
7.10.4 Photonic Lanterns
Photonic lanterns merge several single —mode cores into one multi —mode core [15]. Good
devices are adiabatic so that they do not lose power. With typical optical fibres, the more
modes involved in the process, the longer the device is. Obviously, with the log fibre this is
not a factor. A three core device was attempted with the F —doped log fibre, but with no
promising results. It is suspected that sheer displacements during the taper process led to
the poor results. This was aggravated by a lack of a glass jacket, because the outer jacket
would need to match the refractive index of the outer edge of the preform. With a silica
cladding, f —doped jackets can be used. Creating a photonic lantern using logarithmic fibres
could lead to short photonic lantern with lower losses.
7.10.5 Mode selective photonic lanterns
A mode multiplexer has a similar structure to the photonic lantern mentioned above, in
that several single —mode cores merge into a one multi —mode core, but the single —mode
cores are dissimilar [21]. If the transition is adiabatic, then each dissimilar core will excite
a different mode at the multi —mode output. Again, this means with typical optical fibres
there is a minimum length restriction, that becomes longer with increasing number of modes.





This chapter is about an all-fibre wavefront sensor for sensing the incoming tilt of plane
wavefronts. Its intended application is for astronomy applications, where plane waves from
stars are distorted by Earth’s atmosphere. It is important to be able to measure the dis-
tortion of the wavefront, in order to correct for it and increase throughput. To achieve an
all-fibre sensor, a multi-core fibre was fabricated, tapered and its response tested.
8.2 Wavefront sensors in astronomical technology
Light from a distant start point source, such as a star, has a plane wavefront. However, the
wavefronts are distorted by Earth’s atmospheric turbulence. Ground based large telescopes
can use adaptive optics (AO) to correct aberrations in wavefronts over large areas. Wavefront
sensors are able to locally measure distortions in incoming wavefronts, so that they can be
corrected. Deformable mirrors are usually used to correct the wavefronts. Their surface
deforms depending on what the wavefront sensor has measured from the incoming wavefront.
The most popular and widely used wavefront sensor is called the Shack Hartmann wave-
front sensor (SHWFS), which is widely used in astronomical instruments [11]. Fig. 8.1 shows
the SHWFS as an array of individual sensor elements. Each element is a micro-lens, where
the whole lens array is in front of a camera sensor. Any phase variation across the wavefront
incident upon a sensor element causes the focal spot to move position on the detector plane.
The location of the spot therefore provides information about the direction of the local tilt
in the wavefront at that element. The aberrations in the wavefront created by atmospheric
turbulance is divided into smaller measurements by the lenses, where each lenslet can senses
a local tilt in wavefront. For a uniform plane wave with no distortions the beam through
each lens would fall onto the centre of the focal plane for each lens. The wavefront distortion
can be measured as a deviation in position from the micro lenses. In AO, the deformable
mirrors are used in combination with the SHWFS and real-time control systems in order to
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Figure 8.1: Schematic illustration of a Shack Hartmann wavefront sensor using a lenslet array.
The wavefront coming in at the top (red lines) is imaged by an array of small lenses. A plane is at
the focus of each lens. Each of these lenses only samples a small portion of the full wavefront. The
position of the image created by each of these lenses on the camera depends on the local slope of
the wavefront. By measuring this image displacement ∆x for all lenslets, the full wavefront can be
reconstructed.
correct the wavefront.
Optical fibres can scale up optical systems for ‘Extremely Large Telescopes’, without
increasing the costs of the technology [9]. An optical fibre that could locally sense the
incoming tilt of the wavefront in a similar way to the SHWFS could help with many of the
challenges astonomy faces as the scale of optical/infrared telescopes are further increased [9].
8.3 Principle of an all-fibre wavefront sensor
SHWFS converts wavefront tilt into displacement of focused spots in a microlens array.
However, measurement of local distortions in the wavefront can be done with measurements
of phase at 3 non-collinear points. This is sufficient to determine the wavefront tilt and
direction. In theory, we can use a 3-core fibre to transport phases of wavefront at 3 such
points to a remote location, where it can be analysed, e.g. interferometrically. This is shown
schematically in Fig. 8.2 (a).
In practice, however, phase information will be lost due to inhomogeneities, bends and
environmental disturbances to the optical fibre. But, coupling between cores converts phase
information into amplitude information. This will be preserved along the fibre length if the
cores are uncoupled everywhere except at the ‘sensing tip’.
In our design, we propose a 3 core fibre where the cores are identical and at the corners
of an equilateral triangle. The cores are sufficiently spaced so that there is no coupling
between them. One end is tapered to locally induce coupling, then cleaved to provide the
input endface (the ‘sensing tip’). This is shown schematically in Fig. 8.2 (b). At the output,
three photodiodes detect the powers in each core.
This sensor has no lenses and can be used remotely. The coupled region acts as the
lens, converting phase information into amplitude information in each of the cores. Phase
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Figure 8.2: Schematic of ways a MCF couple be used to sense wavefront tilt. Top set up is a
MCF where the cores couple over the whole length. In the set up below, an uncoupled MCF has
been tapered over a short section.
variation in the coupled end are converted to intensity variations in the uncoupled end,
connected to the photodiode.
8.4 Theory
A plane wave incident on the sensing tip of the fibre will cause equal amplitudes in the input
cores, but phases depend on tilt. For a plane wave that is normally incident, there will be
equal phases so no coupling because just one supermode across the structure is excited.
So there is equal powers in the cores at the output. When the wavefront is tilted, phase
differences are introduced in the three cores, so there is coupling introduced. This results in
different powers at the output.
Figure 8.3: Schematic to show angles of wavefront tilt with respect to fibre parameters.
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Different powers can be represented by an intensity ‘centroid’ position
−→r = P1
−→r1 + P2−→r2 + P3−→r3






where Pi is the measured power in core i and
−→ri is the position of core i in a map of the
fibres output.
Fig. 8.3 shows the labelled parameters with respect axis of tilt on the fibre cross-section.
The angle of tilt (how much the wavefront is tilted) will be labelled θ, the axis of tilt on
the fibre cross-section is labelled α and the separation between the cores is labelled Λ. The
response of the cores, defined here as δ = kθΛ/
√
3 << 1, can be shown to be equivalent to
the displacement of the centroid position. The size and angle of the wavefront tilt, δ, can











and C is the 2-core coupling coefficient and z is the length of the coupled region.
Centroid displacement is maximised (in other words, the method is most sensitive) if
3Cz = pi/2. This is 1/4 of the coupling beat length of an array of 3 cores in an equilateral
triangle [79].
8.5 Experiment
For this experiment, we needed to make a 3 core fibre. This fibre is then tapered to form
the input ‘sensing tip’. The length and size of the tapered tip needs to have a coupling beat
length of Lc/4. In order to achieve this taper, we launch light into just 1 of the 3 coupled
cores. During the taper, light couples across to the two other cores and back in 1 beat length
(1Lc. After Lc/2, 4/9 of the input power is in each of the other cores and 1/9 is in the input
core [80].
If we launch light into 1 core of the fibre, and then monitor the powers in all 3 output
cores during the tapering process, we can stop the process when the power is maximized in
the two other cores. At this point, the beat length should be Lc/2, so when the taper waist
is cleaved in the mmiddle we are left with Lc/4 at the end of each piece of fibre.
This taper is then used in an experimental set-up where the response to wavefront tilt
can be measured.
8.5.1 Fibre fabrication
We fabricated a MCF designed to be single-mode at 1550 nm and have negligible coupling.
The design for the fibre stack is shown in Fig. 8.4. Using calculations from theory discussed
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Figure 8.4: Stacking design of MCF. Blue marks the Ge-doped region, yellow is the silica cladding
jacket that comes as part of the preform. Bounded white areas are silica jackets and packers. The
red area is the outer silica jacket.
Figure 8.5: Micrographs of (a) MCF fibre, compared to (b) the tapered device.
in Chapter 2, we determined the centre to centre core separation should be 40 µm for less
than 1% coupling over long lengths. The cores were designed to be 10 µm in diameter, had
an NA of 0.11, and the outer diameter of the fibre was roughly 105 µm.
The micrograph of the resulting MCF used in for the results discussed here is shown in
Fig. 8.5 (a). In order for the taper to work, the fibre needs to be as symmetrical as possible
to avoid preferential coupling across the three cores. There are fewer packers around the
outside of the fibre than in the original design shown in Fig. 8.4, hence the deformed jacket.
We wanted to suppress any deformity that would cause non-uniform cores. We used high
tension throughout the draw in order to try and keep any deformity of the cores caused by
the fabrication process to a minimum, which kept the holes in the cladding structure open.
This is why, when compared to normal MCF, the structure has gaps in the cladding areas
in Fig. 8.5 (a). Identical cores were preferred to uniform cladding.
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Figure 8.6: Experimental set-up in order to fabricate tapers with the beat length needed. Equip-
ment as labelled.
8.5.2 Tapering fabrication
The experiment used in order to achieve the desired tapered device is shown schematically
in Fig. 8.6. Light of wavelength 1550 nm from an SMF-28 output is launched into one
core of the MCF. The output is imaged onto a camera through a microscope objective lens.
It can be observed at this stage that there is very little coupling for these three fibres as
only light from one core can be seen when launched into. This is adequate confirmation our
calculated predictions for low coupling for this MCF. The fibre is then held in the taper rig.
If the output of the fibre and the intensity observed at one core is treated as a unit, then
we seek to tapered until the output of this core is reduced to roughly 1/9 intensity, and the
remaining light is distributed equally in the other two cores. The tapering process is stopped
when it appears as though there is roughly 1/9 in the originally excited core, and 4/9 in the
other two cores. This output should indicate that the whole taper has a coupling of Lc/2.
Cleaving this taper in the middle of the waist then gives the ‘sensing tip’ a coupling length
of Lc/4. Of course, practically there may be loss from the transition of the fibre taper, and
so usually the taper process was stopped at the first sign that the two originally dark cores
symmetrically had more light present than the originally launched into core.
Many tapers were made in the process of obtaining results. I will show examples of
some in order to provide general observed trends. Most of the tapers were made with a
waist of around 40 µm in diameter, and short taper transitions of 10-14 mm. This appeared
to give the wanted coupling patterns at the output during fabrication. However, the main
tapered device discussed in this chapter is shown in Fig. 8.5, where the waist diameter is
much smaller at 14 µm than the older examples and a similar transition length as previously
mentioned. Much stronger coupling is induced in this smaller waist, and it appeared to give
the most promising response when testing intensity change against wavefront tilt.
8.5.3 Taper response testing
Once the taper was made, it was then removed from the rest of the fibre spool. The length
of unprocessed fibre attached to the tapered ‘sensing tip’ section was around 1 m. The
tapered end was placed within a large silica capillary, and fixed in place with UV curing
glue at the non-tapered end where there is coated fibre. The silica capillary allows the taper
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Figure 8.7: Photograph of the polished stainless steel holder in the mirror mount. At the centre,
a silica capillary is held and inside this is the cleaved taper end.
to be held in a mirror mount that holds a stainless steel puck with a hole in the centre, as
shown in Fig. 8.7. An adjustable screw clamps onto the silica capillary to hold it in place.
The full experimental set-up is shown in Fig. 8.8. The tapered end is then tilted in the
mirror mount with respect to the wavefront. This changes the angle of the wavefront to the
device, allowing us to introduce a measurable tilt to the fibre so that the response from the
device can be evaluated. In order to provide a plane wavefront input to the device, we use
a SMF-28 output, that is roughly 5 cm away.
In order to record the tilt introduced we used a visible light beam of 635 nm to reflect
off of the stainless steel puck surface. The beam is them incident onto a piece of paper
after being reflected. The deviation of the beam can then be recorded on the plane, by
measuring the change in position of the beam spot. This was recorded by taking images
with a webcam.
The near field (NF) of the MCF is imaged with a IR camera as the tilt of the sensing
tip is changed. This allows us to monitor the intensity at each core, instead of using a
photodiode at each core. The centroid of the cores can be found for each change in tilt, and
the centroid position tracked. Using the output, measurements start at the position where
the tilt of the sensing tip is at normal incidence to the incoming wavefront. This is found by
looking for a centroid position where the centroid displacement is symmetrical in the data.
The symmetry of the device can also be checked by launching light into the untapered
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Figure 8.8: Experimental set-up in order to test tapered wavefront sensors.
Figure 8.9: Images of the NF from untapered output. The blue marker represents the position
of the intensity centroid. The wavefront tilt has been changed between the left image to the right
image.
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Figure 8.10: Intensity measured in the cores at each point of tilt of the sensing tip for ‘device 1’.
The input of this device was 40 µm. The x and y positions correspond to those on the paper used
to record the tilt of the sensing tip, by tracking where the beam spot reflected off the holder of the
sensing tip.
Figure 8.11: Intensity measured in the cores at each point of tilt of the sensing tip for ‘device 2’.
The input of this device was 37 µm. The x and y positions correspond to those on the paper used
to record the tilt of the sensing tip, by tracking where the beam spot reflected off the holder of the
sensing tip.
end (the MCF part), launching light into each core, and imaging the NF of the sensing tip.
The NF should appear to be the same but rotated by 120◦ for a symmetric device.
8.6 Results
Many attempts were made in order to try and achieve a good wavefront sensor. I will
summarize overall trends found for the majority of these tapers, and then focus on one of
the more successful attempts.
In general, all tapers changed coupling pattern with changing wavefront tilt at the input.
Some examples of core responses with changing tilt are shown in Figs. 8.10 and 8.11. The
tapered waists of these devices were 37-40 µm. The responses shown in these figures do not
happen with untapered fibre, as the output does not change between cores with tilts of the
input. This is as expected as in the untapered fibre there is negligible coupling. However,
when the tapered devices were analysed to find their shift of centroid position compared
to the introduced tilt, there was no clear correlation. The three cores in all figures clearly
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change response with changing tilt, but do not do so in a way that correlates to the previously
discussed theory. In both figures, the light in core 1 is more widely spread out for a range of
tilts than the other cores. This only confirms that we went from a very low coupling state
to a stronger one, but not that we have a symmetric device that can give information about
wavefront tilt without prior knowledge of the device.
For most of the tapers, the results were not good enough to be able to deduce wavefront
tilt accurately. During the tapering of the device, depending on the fibre, the coupling
pattern at the output of two equally coupled cores did not always appear. This suggests the
fibre is not symmetric enough. If the desired coupling pattern at the output was achieved,
the cleave at the centre of the waist needs to be good first time. Recleaving will mean
the waist is too short. For tapers that were around 40 µm in diameter, the tapered device
could be tested in reverse in order to see if there was a symmetric response. This involved
launching light into the untapered end and imaging the output at the tapered end. When
light is launched into each individual core, the output pattern at the taper should give a
symmetric response in a symmetric device.
Smaller waists of the order of 14 µm worked better when tested against wavefront tilt,
but were hard to backward test to see how symmetric the device was. Light launched into
the untapered cores appears at the output of the tapered waist like a single bright spot,
because of the small diameter and refractive index contrast of air and silica. For these
smaller diameter tapers, this eliminated the ability to be able to test how symmetric the
device appeared before testing the wavefront tilt.
I suspect I did not achieve the intended results in my experiments for most of my taper
attempts because the coupling in the fabricated taper waist was not correct, and not all
phase information across this length is converted to intensity information. I suggest ways in
which better devices could be achieved in later sections. Regardless, I present results from
one taper in order to show a proof of concept. We found that with strong coupling, the
device could work well along one axis.
8.6.1 Strong coupling regime device
The device worked best with a thinner waist and slightly longer taper transition. This can be
called the ‘strong coupling’ regime, as the significantly smaller waist means there is far more
coupling between the three cores. Practically, the small diameter made it slightly harder to
hold in the silica and stainless steel piece for testing the wavefront tilt, without some drifting
over time. I observed that in general through this taper there was far less light transmitted
from the source to camera than the larger diameters. The centroid position deviation, r
from equation 8.1, was then found using image processing in Matlab. Fig. 8.12 shows the
magnitude of the change in position according to one axis picked across the mesh. The axis
picked was perpendicular to the largest vectorial change in position with tilt change, as this
indicates the strongest response.
Fig. 8.12 shows a 1-D tilt response along the previously selected axis. It shows that along
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Figure 8.12: 1-D Centroid deviation against the tilt of the device.
this direction, there is a change in centroid that corresponds to wavefront tilt. However, we
would expect this change to be linear within the NA of the fibre. This early experiment
shows that we have made an all fibre wavefront sensor, but it is not very useful as the
response is not linear and does not match previously discussed theory.
8.7 Improvements and conclusions
It is likely the fibre we fabricated is not symmetric enough in order to create the taper we
need. In my experience, the coupling output during the taper was not very repeatable and
predictable from taper to taper. Probably, any time I did get the coupling pattern at the
output during the taper process, it did not appear that way solely due to the coupling in
the waist. We made two preforms for the MCF fibre with little surrounding cladding glass,
and through a variety of taper conditions I was not able to reliably get the output pattern
needed during the tapering process. With more time, I would fabricate another MCF that
has more packers in a hexagonal structure, as shown in Fig. 8.13. With this design, I would
hope to achieve a more symmetric fibre cross-section. The cores are therefore less likely to
be deformed in this stack.
I also think it would be beneficial to use SMF-28 fibres in a F-doped capillary in order
to make a fan out device. This is because the fabrication specifications of SMF-28 would
ensure the starting fibres are as similar as possible, and any asymmetry would be introduced
by the taper process. With refinement of the tapering fabrication, a fan-out device could
be made. This process can completely avoid variations between the cores introduced from
fibre fabrication tolerances which can introduce a distribution of different core diameter and
separations [81].
An all-fibre wavefront device as described in this Chapter would be a novel device. The
devices discussed here are only a proof of concept, and so the full potential of the device has
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Figure 8.13: Design for a potential perform to draw into fibre. The grey areas indicate ge-doped
glass, the bounded white regions are undoped silica.
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not yet been experimentally realised. We envision a working device could replace a SHWFS






This chapter reports a device that can convert the modes of a multi-mode core to the modes
of a slit shaped output structure, achieving a diffraction limited pattern in one direction.
This is useful in astronomy, where light is collected by an optical fibre and fed into a spec-
trograph. Multi-mode fibres (MMFs) are used, because the Earth’s atmospheric turbulence
causes variations in otherwise plane waves from a distant point source, as discussed in the
previous chapter. When the MMF is fed into the spectroscopic system, spurious intensity
variations can arise. This chapter presents a solution to this problem, by using an all-fibre
pseudo-slit reformatter made by tapering bundles of single-mode fibres. This reformatter
is fabricated on the taper rig, and then tested in the near and far field in comparison to a
simple multi-mode fibre.
Work presented in this chapter was published in [82]. My contribution to this work was
to fabricate and experiment on a 6-core pseudoslit, then to scale up the fabrication methods
created by S. Yerolatsitis to 10-core and 17-core pseudoslit reformatters.
9.2 Spectrographs in astrophotonics
Many telescopes in astronomy use adaptive optics to push for diffraction limited perfor-
mance. Newer, larger telescopes drive scientific progress, but present many unique chal-
lenges in order scale up current technologies. Advanced photonic principles are increasingly
implemented in order to obtain higher performance in these larger configurations [9].
In a diffraction-limited telescope, image spread is only caused by diffraction. An ideal
point-spread function (PSF) can be efficiently collected by a single-mode fibre (SMF) and
fed to a spectrograph [10]. In practice, atmospheric turbulence distorts wavefronts; called
‘seeing’. A MMF is needed to efficiently collect the light as the PSF is no longer diffraction-
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Figure 9.1: A schematic of a ‘pseudo-slit’ reformatter. The modes of a multimode input (a) are
reformatted into modes of a linear output (b). Across the pseudo-slit, the modes share a diffraction-
limited profile in the direction of dispersion of the spectrograph, with all of the modal degrees of
freedom distributed in the orthogonal direction. [82]
limited in size.
MMFs provide better collection, but at the expense of introducing variations to the in-
tensity distribution at the spectrograph. Launch conditions to the MMF change in time,
from different seeing conditions and inaccuracies in the telescopic system. Further varia-
tion is introduced from the MMFs by mechanical and thermal stresses which changes the
phase relationships between the fibre’s guided modes. These changes cause the intensity
distribution that is delivered to the spectrograph to be noisy in an unpredictable and hard
to correct way [83–85]. This modal noise introduces inaccuracies to the measured spectra.
Furthermore, in order to accommodate the enlarged multimode PSF compared to the ideal
diffraction-limited case, larger, more-complicated and expensive spectrographs are needed,
even if modal noise is eliminated [85,86]. This is made worse by any focal-ratio degradation
in the system. This effect is where light in a MMF will emerge as a light cone that is more
spread out in angle that the input beam [87], potentially reducing the throughput of the
system.
A pseudo-slit reformatter is a device that can give a pattern that is diffraction-limited
along one axis at the output from a multi-mode input [10, 86, 88]. The multimode input
light splits between several single-mode waveguides using a photonic lantern [15], then the
waveguides are aligned into a linear array to yield a pseudo-slit that can be placed at the
input to a spectrograph, Fig. 9.1. Ideally, all of the modal noise in the input fibre is
distributed along the slit, with a constant single-mode distribution across the slit. Thus
the input to the spectrograph becomes diffraction-limited and free of modal noise in the
direction of dispersion, despite being seeing-limited and multimode in origin.
The work in this chapter demonstrates a pseudo-slit reformatter made entirely from
commerically avaliable optical fibre (SMF-28) [82]. The following discussion refers to a
photonic lantern, where several fibres are fused together in such a way as to become one
multi-mode structure; a pseudo-slit taper where several fibres are fused and tapered together
in a line; and a reformatter where both of these structures are spliced together.
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Figure 9.2: (a) Schematic of an all-fibre reformatter comprising a clad photonic lantern with a
roughly-circular input core connected via 6 SMFs to an unclad photonic lantern with a 13 x 72 µm
slit-shaped output core. The dummy fibre is unconnected. (b-c) Micrographs (same scale) of the
input and intermediate cross-sections of the other half of the taper for the photonic lantern, i.e. the
other unused lantern that is formed when the taper is cleaved at the waist. (d) The output of the
lantern used for the experiment. [82]
9.3 Fabrication of a all-fibre psuedo-slit reformatter
A full all-fibre psuedo-slit reformatter has two taper components that are spliced together:
a fan out photonic lantern, and a row of tapered fibres in a line that we call the ‘pseudo-slit
taper’. The full pseudo-slit reformatter is shown in Fig. 9.2. First, for the multi-mode input,
a fan-out photonic lantern must be fabricated to convert the multi-mode input into several
separate single-mode fibres [15]. These are made by micro-stacking (stacking as discussed
in Chapter 3 but on the micro scale) optical fibres into a common F-doped jacket, and then
tapering them to form one fused structure as discussed in Chapter 3. Next, the pseudo-slit
taper, shown on the right of Fig. 9.2, also involves tapering fibres together. However, unlike
the photonic lantern, these fibres have been stacked into a row of fibres, without a jacket.
In order to do this, we use the holders of the taper rig. We place specially fabricated
‘slot’ holders where the fibres are held on the rig in order to retain the stacked shapes at
the moving stages. The fibres are then taped in place in order to put them under tension.
An example of a pseudo-slit taper fabrication with the apparatus discussed is shown in Fig.
9.3.
During the course of fabricating these pseudo-slit tapers, the motors of the taper rig were
changed. These motors were quieter, and it became difficult to taper fibres together and for
them to fuse along the length. Gently perturbing these fibres during the tapering process
can help to keep them in line. I placed a loudspeaker underneath the fibres on the taper rig
stages to output acoustic white noise during the tapering process. In my experience, I find
using acoustic noise in this way repeatedly created tapers where the fibres would remain in
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Figure 9.3: Early experimental configuration for fabricating the pseudoslit taper. The inset image
on the left shows a schematic of the slot device for stacking the fibres. The inset above shows a
micrograph of the fibres being tapered in a row.
a straight row throughout the process.
The pseudo-slit taper is then cleaved in the centre of the waist, to form the slit-shaped
structure output (shown in Fig. 9.2 (d)). The fan-out fibres of the photonic lantern and
pseudo-slit taper are then be spliced together by using a Fujikura 70S splicer [75]. For a
pseudo-slit taper of 6 fibres, one dummy fibre from the photonic lantern is ignored (shown
as the cut off fibre in Fig. 9.2 (a)). It is introduced only as a silica ‘packer’ in the lantern,
in order to fill up empty space and make the fabrication of the lantern easier.
9.4 6-mode SMF reformatter
The 6-mode SMF reformatter is shown in fig. 9.2. The left hand side of fig. 9.2 shows the
photonic lantern [15].
To make the photonic lantern, a F-doped silica capillary (ID = 440 µm) containing 6
SMFs and one core-less dummy fibre (all fibres have OD = 125 µm) was tapered down and
cleaved to form the multi-mode input port of a photonic lantern [15]. The lantern had a 10
µm core made from 7 fused fibres, and an NA of 0.22 from the refractive index step between
SMF cladding and the capillary. The multi-mode core was calculated to support 6 modes
at λ= 1550 nm.
To make the pseudo-slit taper, six SMF fibres were placed in a row and tapered so that
they reduced in size and also fused together. The output shown in fig. 9.2 (d) is 13 x 72
µm.
Splicing these two structures together at their 6 SMF ports producing the all-fibre pseu-
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Figure 9.4: Normalised near-field (top) and far-field (bottom) intensity profiles (a) across x and
(b) along y the output pseudo-slit, for point-like excitation at (colours) 36 different positions at the
input of the 6 mode SMF reformatter. (c) Typical images for one input position [82]
doslit reformatter, that takes a multi-mode input to a ‘slot’ shaped lantern with a diffraction-
limited pattern along one axis.
To characterise the output, a high-NA fibre with a mode filed diameter of 4.2 µm was
coupled to a 1550 nm laser. This is intended to mimic a point source. The fibre was butt
coupled to the multi-mode input port of the reformatter. The source fibre was moved in
3 µm steps of a 15 x 15 µm grid, and near and far-field (NF and FF) intensity patterns
at the pseudo-slit output were captured using an IR camera. Typical obtained images are
shown in fig. 9.4 (c). For each pattern, net intensity profiles across (x-direction) and along
(y-direction) the slit were plotted by summing up the pixel values along the orthogonal axis,
shown in fig. 9.4 (a) and (b).
An identically fabricated device showed broadband operation [89], by appearing to have
qualitatively similar outputs for input wavelengths of λ= 1550nm and λ= 1310 nm. This
is expected for adiabatic devices. When light was launched through the individual single-
mode fan out fibres of the pseudo-slit taper, instead of the lantern, the output was also
qualitatively similar between the two wavelengths.
The insertion losses of the lanterns were measured using the cut-back method and
summed to give an estimated reformatter loss of around 0.9 dB.
To compare the pseudoslit device to a multi-mode fibre, we tested the modal noise along
the two axes of a multimode fibre output that supported the same number of modes. We
used two identical photonic lanterns, each like the input lantern of the reformatter of fig.
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Figure 9.5: Schematic of (top) two photonic lanterns with near-circular multimode ports con-
nected via their SMF ports, and a (bottom) a multimode fibre with same core size as the lanterns’
multimode ports. The double lantern acts as a multimode fibre with a multicore region in the
middle. [82]
Figure 9.6: Normalised near-field (top) and far-field (bottom) intensity profiles along the (a) x
and (b) y directions at the output multimode core of the double lantern structure, for point-like
excitation at (colours) 36 different input positions. (c) Typical images for one input position. [82]
9.2. These lanterns were spliced together via their SMF ports, similar to the pseudoslit
device. A schematic of the device fabricated is shown in fig. 9.5. This double ended lantern
shown should act as a multimode fibre with a multi-core region in the middle.
We used a similar experiment as was used for the reformatter in order to characterise
the double ended lantern, fig. 9.5. We moved the source fibre in 3 µm steps over a 15 x
15 µm grid and tested the output. The NF and FF patterns are shown in fig. 9.6 (a) and
(b). In contrast to fig. 9.4, there are strong variations in the intensity profiles along both
axes. This can be seen from the typical images captured by the IR camera, shown in fig.
9.6 (c), where the intensity pattern is more spread out and varied in a typically round way
from multi-mode devices, compared to the linearly shaped features seen in 9.4.
To compare the modal-induced variations of the outputs of the two devices, we calculated
the x and y centroid positions for each of the output NF patterns in figs. 9.4 and 9.6
and plotted the drifts from the mean values, shown in fig. 9.7. The range of drifts is
quantitatively different, with the pseudoslit drift greatly reduced along the x axis, at the
expense of increased drift in the y axis. In comparison, the multi-mode lantern showns a
similar drift for both axes. The range of drift across the pseudoslit is 0.51 µm, compared to
1.42 and 2.16 µm along the axes of the unreformatted multi-mode output. Fig. 9.7 confirms
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Figure 9.7: Centroid drift calculations for all the output near-field intensity patterns of the
pseudo-slit reformatter (Fig. 9.4) and the multimode double lantern (Fig. 9.6). [82]
the reduction of modal noise in the x direction.
9.5 10-mode SMF reformatter
We scaled up the fabrication method for the 6 mode reformatters to above 10 and more
modes. Multi-mode fibres used in astronomical technologies are usually highly multi-moded
in order to maximise throughput from light affected by seeing, so more than 6-modes would
be needed. We demonstrated that the idea is scalable to higher mode numbers.
To decide how many modes to use for a reformatter, we categorise modes into ‘mode
groups’. Increasing the V-number of a fibre core introductes higher number of modes, and
the propagation constants of these modes increases in a step-like way. However, some modes
have close V-value cut-offs. It is beneficial to make a device that supports modes with similar
V-value cut-offs in order to create a less lossy device. Therefore, we choose use how the cut-
offs are grouped to decide how many modes our pseudo-slit taper should support. We aim
to stack devices with fibres that are 10 to 17 in size.
The procedure for fabricating these structures is similarly to the previous section, but
the ‘slot’ holder is deep enough for 10 fibres. For larger structures it can be more difficult to
successfully fabricate a pseudo-slit taper. More fibres introduce more elements that could
misalign or break during the taper process. Additionally, care should be taken to make the
flame from the burner physically large enough so that the fibres do not taper at different
rates. Usually the butane-oxygen mix is such that the flame is very small, blue because
there lots of more oxygen in the mix than butance. In this case, it is better to use a slightly
colder flame, with less oxygen, in order to create a bigger flame. This helps to ensure all
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Figure 9.8: Micrographs (same scale) of the input (a) and intermediate cross-sections (b) of
the first lantern and the output of the second lantern (c), respectively, for the 10 mode SMF
reformatter. [82]
fibres across the row soften and taper equally.
We fabricated a 10-mode photonic lantern by using a F-doped capillary that was similar
to the ones previously used for the six mode case, but with a larger ID to fit more fibres
(560 µm). Ten SMFs were stacked inside, and the structure was fused and tapered down to
form a 16 µm diameter multi-mode core. The resulting structure is shown in fig. 9.8 (a).
The pseudoslit is formed from ten SMF fibres fused in a line and tapered to form a 20 x 192
µm core, shown in fig. 9.8 (c). The fibres from the lantern and the pseudo-slit taper are
then spliced together, as done similarly for the 6 mode device.
We characterised this device using the same method as discussed for the 6-mode refor-
matter. We moved a source fibre in 3 µm steps over a 21 x 21 µm square. The results from
inspecting the NF and FF are shown in fig. 9.9. The appearance of the intensity patterns
at the output are qualitiatively similar to the behaviour seen for the 6-mode reformatter,
where some typical examples are shown in fig. 9.9 (c).
9.6 17-mode SMF reformatter
We made a reformatter with more modes in order to demonstrate that the device can be
scaled up. More fibres require more time and attempts, simply because there are more fibres
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Figure 9.9: Normalised near-field (top) and far-field (bottom) intensity profiles (a) across x and
(b) along y the output pseudo-slit, for point-like excitation at (colours) 64 different positions at the
input of the 10 mode SMF reformatter. (c) Typical images for one input position. [82]
that could break during the process, misalign or not fuse to the rest of the structure.
Despite these challenges, we successfully made a 17-mode SMF, shown in fig. 9.10. There
was not enough time to fully characterise this reformatter.
9.7 Conclusions
We reported a device that can convert the modes of a multi-mode core to the modes of a
linear pseudo-slit output structure, achieving a diffraction limited pattern in one direction.
We made all-fibre pseudo-slit reformatters by tapering bundles of single-mode fibres in a
row. We scaled up the process to accommodate more modes, which is not a straight forward
fabrication challenge for pseudo-slit lantern. This reformatter was fabricated on the taper
rig, and then tested in the near and far field in comparison to two photonic lanterns, spliced
together, in order to imitate a multi-mode fibre.
The previously shown 6-mode device demonstrates far fewer modes than similar ULI
photonic dicer [10]. However, the all-fibre pseudo-slit reformatter does show lower loss than
the ULI reformatter and had a much more compact output than is possible with an array
of untapered fibres [88].
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Figure 9.10: Differently-focused micrographs of a 17 core 23 x 335 µm tapered pseudo-slit. The




In this thesis, I have discussed different ways to manipulate the coupling of modes in optical
fibres. This involved investigating different types of optical fibres that, through some fabri-
cation parameters, use mode manipulation to achieve a functionality. Many of these fibres
were multi-core fibres (MCF) which have several light guiding cores in a common cladding.
Often in these cases, such as in Chapters 4, 5 and 6, the goal was to inhibit the coupling
between modes in the MCF when fabricating the fibres or fibre devices to ensure the best
parameters for the wanted function. In other cases, we wanted to inhibit coupling during a
transition where there was a change in scale, in order to perform some function. For exam-
ple, the profile of the log fibre in Chapter 7 reduced coupling of light from the fundamental
mode in order to reduce loss across changes in scale of the fibre. In other cases, we also
allowed for an increase in coupling of light between cores over a short length in the propaga-
tion, such as the tapered air clad fibre in Chapter 6 where we increased resolution, or in the
wavefront detector in Chapter 8 where the coupling between cores could give information
about phase differences at the input.
The applications of the fibre projects discussed in this thesis are diverse, as discussed in
Chapter 1. Some Chapters contributed towards the medical imaging of the Proteus project,
such as those in Chapters 4, 5 and 6, whilst others hope to contribute to telecomms (Chapter
7 and astrophotonics (Chapters 8 and 9). The low index contrast fibres, in particular the
square packed imaging fibres in Chapter 5, are part of the Proteus probe outlined in Chapter
1 However, many of these fibres and devices could easily be applicable outside the realms
we have explored here. For example, imaging fibres are a ubiquitous tool in optics, and the
design and characterisation of our imaging fibres could easily extend outside of the Proteus
project. In particular, the air-clad fibre and tapered devices in Chapter 6 extend imaging to
the infrared wavelengths for silica based coherent bundle imaging fibres. These wavelengths
are also of interest in astrophotonics [90]. A reciprocal example would be the pseudoslit
reformatter discussed in Chapter 9, where we had applications of astrophotonics in mind.
However, again spectroscopy is applicable to many fields, and could also have potentially
found some benefit in the Raman sensing aim of the Proteus project.
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In Chapter 2 I outlined the properties of optical fibres, and their carried optical modes.
For modal coupling across scale changes and transitions in many of the fibre devices also
discussed (Chapters 6, 7, 8). In Chapter 3, I discussed the fabrication, post-processing and
testing of optical fibres and tapers used in all of the proceeding work.
Work in Chapters 4, 5 and 6 was motivated by the Proteus project to deliver an imaging
fibre that could image lung tissue fluorescence of in the deeper bronchioles of the distal
lung, as well as detect any tagged bacteria in the same space. Chapter 4 explored existing
technology already used in clinics, and investigates many of the properties of these fibres
that are not easily shared by the manufacturer, in order to gain insight in how any fibres
we fabricated in Chapters 5 and 6 compare. I showed how the Fujikura fibres in clinical
technologies image well across much of the visible range (450 nm - 650 nm) and can resolve
structures as small as 3.10 µm. I discussed what different types of fibre Fujikura offer, and
how their fibre specifications differ, along with assumptions about how this influences how
they work. Largely, the scale change of the fibre is the main difference, and smaller scales
will not resolve smaller features with as much clarity as their larger counterparts. I found
that there are two different types of fibre, with different dopant levels and core dissimilarity.
Wider core dissimilarity can be observed in the imaging fibres with lower refractive index
contrast.
Imaging fibres made specifically tailored to the needs of the Proteus project are then
discussed in 5 and 6. In Chapter 5 we found that increasing core diameter dissimilarity so
that cores are also multi-moded gives better imaging resolution across a broader range of
wavelengths because it introduced phase-mismatch and reduces the maximum amount of
power than can be transferred between the cores. We also found that we could fabricate
fibres with telecoms preforms that compare well to the commercial fibres investigated in 4.
Our telecoms preforms have less overall dopants and so a reduced refractive index contrast,
but with little compromise to imaging performance, potentially allows for cheaper and more
disposable imaging fibres in the clinic. Our square lattice fibres with low refractive index
contrast can image structures as small as 3.10 µm over 520 - 600 nm, and structures as small
as 3.48 µm from 650 - 750 nm.
In Chapter 6, I post-process a novel imaging fibre by H. A. C. Wood in order to achieve
higher imaging resolution. The post-processing of air-clad imaging fibres to form a tapered
end holds promise, and could be developed to make imaging fibres that work similarly to
well established bundle technology, but with better imaging capability. In our own images
shown in this Chapter, we are able to image the smallest elements in the USAF targets
shown in previous Chapters (features of 2.19 µm in width). This could not be achieved
in the fibres shown in Chapters 4 and 5 as the core diameters and separation for low core
coupling are much bigger than these features.
Many tapered fibres depend on adiabaticity, as discussed in Chapter 2. Chapter 7 dis-
cussed a fibre with a refractive index that would allow for the adiabaticity of a taper to exist
independently of the transition length. This Chapter explored the fabrication of the novel
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fibre, the methods for fabricating a short taper, and the experimental outcomes, such as loss
and near field changes of these tapers. I show an experimental fibre in which tapers shorter
than 2 mm can have losses as low as 0.03 dB. The fibre is compatible with standard telecoms
fibre and should have applications where it is desirable to make tapered fibre components
(such as fused couplers and photonic lanterns) as short as possible.
Chapter 8 describes a device to sense the tilt of an incoming wavefront by using a
tapered multi-core fibre. I detail the fabrication methods for both the fibre and the taper
parameters, as well as some proof of concept results. I show how the preliminary device can
detect changes in wavefront tilt of less than 0.06 rad at 1550 nm. I also discussed how this
device should be improved in the future in order to fully realise the potential of the idea.
Finally, work shown in Chapter 9 is about an all-fibre pseudo-slit reformatter that convert
the modes of a multi-mode core to the modes of a linear pseudo-slit output structure. This
device achieves a diffraction limited pattern in one direction, that we hope will reduce modal
noise in spectrographs in astrophotonics. The near-field centroid variations across the slit
were 6.0, 5.4 and 6.7 % of the corresponding mode field width (measured to the 1/e2 intensity
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